Investigation of Gallium Nitride Based on Power
Semiconductor Devices in Polarization Super Junction
Technology
By

Hongyang Yan

Department of Electronic and Electrical Engineering
A thesis submitted to the University of Sheffield

for the degree of Doctor of Philosophy

June 2022



Page |i

ACKNOWLEDGEMENTS

First, I would like to express sincere gratitude and appreciation to my supervisor, Prof.
Shankar Ekkanath Madathil. His patience, perseverance, valuable support, and
guidance in the past few years have made me progress and never give up throughout
my doctoral research. His calm and indifferent fame and wealth attitude towards life,
his magnanimous and selfless mind, his rigorous and meticulous style of research,
and his profound knowledge and far-sighted vision have deeply influenced me. Prof.
Shankar Ekkanath Madathil, in the thesis topic selection, writing, modification and
other aspects, has poured a lot of effort. The successful completion of my thesis and

careful guidance from Prof. Shankar Ekkanath Madathil are inseparable.

I want to express my heartfelt gratitude to my colleagues from Power Microelectronics
Team. Appreciate to Dr Peng Luo and Dr Hongyao Long for their guidance and
convenient support in technology. I also acknowledge the kindness and help of Xiao

Tan and Yangming Du in supporting me with the device fabrication work.

I want to show my best thanks to Dr Qiuyang Tan, Dr Vineet Unni, and Dr Zhongying
Wang, who helped me finish experimental work and gained fantastic ideas through

discussions.

Finally, I would like to thank my beloved parents and girlfriend Xiao Tan for their
ongoing care, support, loving consideration and great confidence in me. During my
dark days, their encouragement is the sea from the other side of the rise of the dawn,

always lighting up my life.

The writing of my doctoral thesis has ended, and I will leave campus and step into a
new life journey. At the moment, I have mixed feelings. This campus time is a
beautiful scenery line in my long life journey. I will put it in my memory, treasure and
remember it well. I would like to express my heartfelt thanks again to my teachers,

family and friends who accompanied me through trials and hardships. Your



Page |ii

accompany is the beautiful landscape in my life and is written into my memory

forever.



Page |iii

ABSTRACT

Over the last decade, gallium nitride (GaN) has emerged as an excellent material for
the next generation of power devices. GaN transistors, switching losses are very low,
thanks to the small parasitic capacitances and switching charges. Device scaling and
monolithic integration enable a high-frequency operation, with consequent
advantages in terms of miniaturization. For high power/high voltage operation, GaN-

based Polarization Super-Junction (PSJ) architectures demonstrate great potential.

The aim of this thesis is devoted to the development of PS] technology. Detailed
analysis of the on-state behaviour of the fabricated Ohmic Gate (OG) and Schottky
Gate (SG) PSJ] HFETs is presented. Theoretical models for calculating the sheet
densities of 2DEG and 2DHG are proposed and calibrated with numerical simulations
and experimental results. To calculate the R on, s of PS] HFETs, two different gate

structures (Ohmic gate and Schottky gate) are considered herein.

The scaling tendency of power devices enables the emergence of multi-channel PS]J
concepts. Therefore, lateral and vertical multi-channel PS] devices based on practical
implementation are also investigated. Presented calculated and simulated results
show that both lateral and vertical multi-channel PSJ technologies can be well suited
to break the unipolar one-dimensional material limits of GaN by orders of magnitude
and achieve an excellent trade-off between R «n, s» and voltage blocking capability

provided composition and thickness control can be realised.

A novel multi-polarization channel is applied to realize normally-off and high-
performance vertical GaN device devices for low voltage applications based on the
multi-channel PS] and vertical MOSFET concepts. This structure is made with 2DHG
introduced to realize the enhancement mode channel instead of p-GaN as in
conventional vertical GaN MOSFETs. As the 2DHG depends upon growth conditions,
p-type doping activation issues can be overcome. The Mg-doped layer is only used to

reduce the short-channel effects, as the 2DHG layer is too thin. Two more 2DEG layers
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are formed through AlGaN/GaN/AlGaN/GaN polarization structure, which
minimizes the on-state resistance. The calculation results show this novel vertical GaN
MOSFET - termed SV GaN FET - has the potential to break the GaN material limit in
the trade-off between R w: s and breakdown voltage at low voltages. The
comprehensive set of development based on the PSJ concept gives a comprehensive

overview of next-generation power electronics.
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Chapter 1 INTRODUCTION

1.1 Overview of Power Semiconductor Devices

Energy and the environment are becoming the main elements accompanying
technology development. An electronic device driven by a clean, safe, and economical
electric source is the first option that satisfies the most demanding of the market. The
global energy demand is expected that renewable energy will provide more than one-
fourth of global gross power generation from 2016 to 2021 [1]. Renewable energy
sources, such as wind energy and solar power, now occupy nearly 33% of the electric
power supply, which is the heart of next-generation energy sources. These energy
resources benefit from the development of power electronics not only in the increasing
efficiency but also from miniaturization and integration. As an essential part of
electronic engineering, power electronics utilize solid-state electronics to control or
convert electric power [2]. The global power electronics market will achieve USD 39.22
billion by 2025 [3]. Power electronics can manage the fluctuating power between
different devices such as transistors and diodes. Simultaneously, power electronics

can also be used in power management in the industry.

Power semiconductor devices are recognized as the critical components [4]. Power
semiconductor devices used as a switch or rectifier are regarded as the core that
accelerates the development of power systems. They can be classified by the terminal
number, such as the two-terminal device (diode) and three-terminal devices (power

MOSFET, IGBT and HFET).
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Figure 1.1 Power semiconductor devices and applications [5].

Figure 1.1 demonstrates the representative applications of power semiconductor
devices and the trade-off between power magnitude and frequency. An insulated-gate
bipolar transistor (IGBT) is mainly used as a high-power switch and seems to fit the
requirements of combining the high current capability and power density, especially
the invention of clustered insulated-gate bipolar transistor (CIGBT) [6-8]. IGBT has
begun to replace conventional bipolar transistors in low-frequency power electronic
applications. However, considering the application of power semiconductor devices
in the high-frequency operation system, power MOSFET (Si-based) and high-electron-
mobility transistor (HEMT) are more competitive. They are majority carrier devices
(unipolar power devices); therefore, they can manage the higher operating frequency
with ultra-low loss switching, particularly with the emergence of COOL-MOSFET [9-
11]. The outstanding performances of Si-based power MOSFET in low voltage fields
make it a better choice when the voltage is below 200V. However, it is hard to utilize

Si power MOSFET in high voltage areas considering physical limitations.
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Material properties have significant impacts on the performance of power
semiconductor devices. Silicon (Si) and gallium nitride (GaN) is the most common
semiconductor materials. Silicon technology has developed rapidly in recent 30 years
and has become relatively mature. It has reached a mark time stage and return on
research is less than before. Although Silicon devices are still occupying most of the
power electronic product market, the intrinsic material properties limit the

improvement of Si power electronic industry.

Compared to Silicon, wide band gap (WBG) material presents advantages in different
aspects. Silicon Carbide (SiC) provide promising thermal properties which can be
used as a power switch. Diamond supply a more significant band gap and higher
thermal conductivity. Gallium Nitride (GaN) has a better performance in the high-

frequency operation system.

Properties Si SiC GaN Diamond
Bandgap Energy, E (eV) 1.12 3.26 3.45 5.45
Critical Electric Field, E_,;; | 0.3 2.2 3.3 10
(MV/cm)
Electron  Mobility, p, | 1500 1000 1500 (Bulk) | 3800
(cm?/V - s) 2000
(2DEG)

Thermal Conductivity, 4 | 1.5 4.5 1.3 22
(W/cm - K)
Electron Saturation | 10 20 22 27
Velocity, Vs, (106cm/s)

Mgona = €UE> 1 560 2100 9300

Myoss = JHE. 1 8.2 14 32
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Myreq = &\JUE.* 1 68 150 290

Mrhermar = Oen/ €E. 1 0.36 0.083 15

Table 1.1 Silicon and WBG semiconductors intrinsic material properties [12-14].

Table 1.1 shows the basic intrinsic parameters of some competitive semiconductor
materials (Si and WBG) in the market and the relevant functions are used to estimate
area-specific on-resistance, total device loss, chip area and thermal capability,
respectively. Value of Mroa, Miess, Mara and Mierma are inversely proportional to
conduction loss refer to area-specific on-resistance, total device loss (conduction and
switching loss), chip area size and temperature increment, respectively. All the
material properties and factors listed above indicate that diamond is superior to the
others. SiC thermal conductivity is better than Si. GaN performance exceeds Si in
critical electric field and saturation velocity. Because the band gap is larger than Si in
WBG devices, WBG material could offer devices with higher activation energy. They
are utilized in high-temperature conditions. The critical electric field could determine
device breakdown voltage. Therefore, WBG material could also support power
semiconductor devices with a higher blocking capability. High carrier saturation
velocity in WBG devices is applied in fast switching and the high-frequency system.
Hence, considering the trade-off between the cost of device fabrication and the
estimated performance of intrinsic material properties, GaN presents a promising
developing prospect among most WBG materials. The properties of GaN devices can
support the fabrication of high-efficiency (higher than 99%), 2-6kW-range power
converters [15-19]. The switching frequencies of such a converter can reach above 1
MHz and with proper design, the manufacturing frequency of the integration or
hybrid GaN-based CMOS can reach 40-75MHz [20-22]. The high-frequency operation
can substantially reduce the size of inductors and capacitors. Therefore, it results in a
compact GaN-based converter design. GaN devices are the most promising candidate

for next-generation power semiconductor devices. Commercial GaN-based power
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electronic devices are now available from Transphorm, Panasonic, GaN system,

Avogy, Infineon:---

1.2 Objectives of this Research Work

Over the past years, GaN has become an excellent material for fabricating power
semiconductor devices. GaN-based power devices have excellent performance in the
power electronic system compared with Si-based devices. The development of GaN-
based power devices, particularly representative high electron mobility transistors
(HEMT) and diodes increase energy efficiency in power converters. However, GaN-
based power devices also suffer from challenging issues, such as current
collapse/dispersion (leading to increased conduction losses during high-frequency
switching and under high voltage stress during switching), lack of high voltage
blocking capability and lack of avalanche capability (this makes it imperative to

operate at voltages lower than the breakdown voltage at all times).

The invention of the Polarization Super Junction (PS]) concept shows the potential to
effectively solve these issues and optimize the trade-off between power devices
blocking capability and area-specific on-state resistance (R n, s»). Power
Microelectronics Team demonstrated proof of the PS] concept on diodes and

transistors at the University of Sheffield in 2011 (Figure 1.2).
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Figure 1.2 Theoretical and reported area-specific on-state resistance vs breakdown voltage.

Based on the PSJ concept, this research work mainly focuses on three parts. The first
part evaluates and implements the simulation model for PS] devices and the
fabrication of PSJ devices. The second part is based on the fabricated devices, building
the analytical model compared with the simulated and measurement results. In the
final piece, multi-channel PS] concepts extended from the lateral PS] concept,
including lateral and vertical designs, are proposed and demonstrated through the

theoretical analysis model.

1.3 Thesis Organization

The thesis is organized as follows:

In Chapter 1, there is a brief overview of WBG power semiconductor devices and an
introduction to GaN-based devices. The main challenges are discussed. As a solution,

the PSJ technology is also proposed.

Chapter 2 introduces the foundations of GaN material properties and the application

of GaN-based High Electron Mobility Transistor (HEMT) technology in power
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electronic systems. This chapter also introduces the Polarization Super Junction (PSJ)
concept, including the invention of PSJ structures, the formation of 2DEG and 2DHG

and the development of PSJ technology.

Chapter 3 presents the Polarization Super Junction (PSJ) simulation and offers a
detailed description of the PS] devices design, mask design, process flow and device
fabrication. Measured experimental results of devices fabricated in Sheffield at the

wafer level are presented and compared with devices manufactured in Powdec kk.

In Chapter 4, an analysis of the ON-state behaviour of the fabricated Ohmic Gate (OG)
and Schottky Gate (5G) PS] HFETs is demonstrated. Theoretical models for calculating
the sheet densities of 2DEG and 2DHG are proposed and calibrated with numerical
simulations and experimental results. Two different gate structures (Ohmic gate and

Schottky gate) are considered herein.

Chapter 5 demonstrated a detailed theoretical analysis of area-specific on-state
resistance (R ©n ) of lateral multi-channel polarisation super-junction (PS])
technologies at room temperature. Analytical models reported in Chapter 4 have been
used to calculate the theoretical limit R «n, sp of PS] devices. Moreover, calculated, and
simulated results of lateral multi-channel PS] devices based on practical
implementation are also analyzed. In addition, the impact of Al composition and

AlGaN thicknesses are investigated.

Chapter 6 investigated the theoretical limit of R «n, s on vertical polarisation super-
junction (PSJ) technology. Typical multi-layer PSJ devices with vertical structures for
reducing R on s» to theoretical limit are investigated and compared with Gallium
Nitride (GaN)-based Super Junction (5J) devices. Theoretical models, demonstrated in
Chapter 4, are used to calculate the R o, s 0of PS] devices and calibrate with numerical
simulations. Chapter 6 also proposed a novel multi-polarization channel applied to
realize normally-off and high-performance vertical GaN device devices for low

voltage applications. This structure is made with 2DHG introduced to realize the



Page |8

enhancement mode channel instead of p-GaN as conventional vertical GaN MOSFETs.
As the 2DHG depends upon growth conditions, p-type doping activation issues can
be overcome. The Mg-doped layer is only used to reduce the short-channel effects, as
the 2DHG layer is too thin. Two more 2DEG layers are formed through
AlGaN/GaN/AlGaN/GaN polarization structure. The calculation results show this
novel vertical GaN MOSFET — termed as SV GaN FET - has the potential of breaking
the GaN material limit in the trade-off between R (o, s and breakdown voltage at low

voltages.

Finally, in Chapter 7, a fair summation and future research work will be included in

this chapter.
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Chapter 2 GAN-BASED PS] TECHNOLOGY

In this chapter, initially, Gallium Nitride (GaN) material properties are first
introduced. Subsequently, the theory of III-V material polarization and the
engineering of GaN-based high electron mobility transistor (HEMT) technology will
also be explained. Simultaneously, the polarization super-junction (PSJ) concept, to
overcome the trade-off between the area-specific on-state resistance (R (n,s») and the
blocking capability (BV) of unipolar power devices, is introduced. A brief description

of the electrical characterization of power devices is also illustrated in this chapter.

2.1 Gallium Nitride Material Properties

Gallium Nitride (GaN) is a kind of wide bandgap semiconductor material. The power
semiconductors industry plays an essential role as a binary III-V direct material that
is comprehensively researched. The bandgap of GaN is 3.4eV [23]. Wurtzite is the
most critical crystal structure for GaN in the power microelectronics industry. Zinc
blende and rock salt are the other two crystal structure of GaN. Thermodynamically,

the wurtzite structure is more stable under standard conditions [24, 25].

(b) | e-plane
{0001}

[0001]
A

Figure 2.1 Gallium nitride wurtzite structure [26].



Page |10

As the most common crystal structure, Wurtzite GaN, a hexagonal close-packed (HCP)
structure, is used in the fabrication of power semiconductor devices, RF technology
and optoelectronic applications, as shown in Figure 2.1. In a compound of GaN, the
chemical bond is constructed by Gallium and Nitride atoms. The polarity in
electronegativities causes an effective dipole through the atomic bond. The dipole can
introduce a net polarization among the macroscopic layers when the crystal has an
appropriate symmetry structure. In the cubic crystal structure, the dipole moments
from the atomic bond cancel each other when no strain exists. It can cause no net
polarization among the crystal. In III-V (GaN) semiconductor materials, the nuclear
crystal noncentrosymmetric arrangement exists even under no applied strain, which
is a net dipole moment [27, 28]. This phenomenon is called spontaneous polarization
(Psp) and the orientation is along the (0001) direction. It is also paralleled to the c-axis,

as shown in Figure 2.2.

(a) (0001) (b) Ga - polar N - polar
I I
N
o]
P P
Ga
p ®
v

¢

a,

(0001)

Figure 2.2 Schematics of wurtzite Gallium face Gallium Nitride and Nitride face Gallium
Nitride crystal structure with a spontaneous polarization (Psr) [29].

As shown in Figure 2.2, the direction of the spontaneous polarization is related to the
crystal growth direction. The layout of the lattice does not have a reverse plane
vertically on the c-axis (0001). Because of this, the surfaces have either Gallium or
Nitrogen atoms. The surface property is fundamentally important because the surface

atom determines the polarity of the polarization charges. These immobile charges
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interact and impact the mobile charges on the microscopic structure. The aspect

effectively manipulates the design of heterojunction GaN-based devices.

[0001]

[1120) &—> [1100]
Ga A (Ga) face

P
Ga v

N B (N) face
GaN

Figure 2.3 Wurtzite Gallium Nitride crystal structure [30].

As discussed previously, GaN wurtzite crystals usually grow in the direction (0001),
which leads to a spontaneous and voltage polarization field. Figure 2.3 shows the
wurtzite crystal structure and the solid ball represents nitrogen atoms, while hollow
balls are gallium atoms when coagulating membranes. As shown in Figure 2.4, the 3D

crystal of the wurtzite structure is demarcated with the dashed line.
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[0001]

Figure 2.4 Schematic Galium Nitride crystal structure of the unit cell [27].

The lattice constant is labelled as 4, and along the vertical c-axis is c in the basal layer.
The bond Ga-Nu is represented by u x ¢, where u stands for the internal cell constant

and is described as (c/a) 2. In the ideal situation, c/a =(8/3) = 1.633 [27].

Because of the spontaneous polarization inherent in GaN wurtzite crystal structure,
the effective polarization is enhanced when the strain works on the material, which
can also occur in growing heterostructures with different lattice constants. The
polarization exists when the material is in a strain situation. It is relatively higher in
Gallium Nitride material than in other compounds, which concerns piezoelectric
polarization. Table 2.1 demonstrated the mechanical and piezoelectric constants and
the spontaneous component of the polarization for three binary nitride

semiconductors [27, 28, 31].

Symbol Unit Value

€Al Ga;_xN 8.5x€y + 8.9(1 — x)¢

€can 8.9¢,
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E4(AIN)x + E;(GaN)(1 — x) —

Eg (Aleal—xN) eV
1.3x(1 — x)
E,(GaN) eV 3.43
0AlGaN C/m? |APSP| + |APPZ|
P, (GaN) C/m? —0.034
P, (Al Ga,_N) C/m? (=0.09x — 0.034(1 — x))
(x)— C
Py, (Al Gay_xN) C/m? 2= xao = (331 - £933)
. a(Al,Ga,_,N) = 3.112x +
a(Al,Ga,_,N) A e
3.189(1 — x)
a,(GaN) A 3.189
Z31 C/m? —0.53x — 0.34(1 — x)
Z33 C/mz 1.5X + 0-67(1 - x)
Ci3 Gpa 127x +100(1 — x)
Cs3 Gpa 382x +392(1 — x)

Table 2.1 Parameters for III-V Nitride material

za1 and zs3 stand for the piezoelectric coefficient, respectively. Cis and Css represent the
elastic constants. a and ao are the lattice constants of the strained (AlGaN) and base

layers (GaN). eaxcaa-»n and ecav are dielectric constants of AlGaN and GaN material.

When the Gallium polar layer is in uniform in-plane tensile strain, The cumulative z-
ingredient of polarization (along (0001) direction) accompanied by all these bonds
reduces, resulting in a sum of the piezoelectric polarization in the direction of the (000-
1), as shown Figure 2.5. The same occurs in a nitrogen polarity film, while the net

polarization is in the direction (000-1) [32].
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Ga Polarity N Polarity

Figure 2.5 3D layout of a Gallium Nitride tetrahedron with Ga/N face when in the tensile strain
[32].

Considering the situation of the tetrahedron with the compressive strain, the sum of
piezoelectric polarization direction is (0001) in the Gallium-polarity circumstances,

and the case of N-polarity along the direction of (000-1) is presented in Figure 2.6 [32].

Ga Polarity N Polarity

Figure 2.6 3D configuration of a Gallium Nitride tetrahedron with Ga/N face when in the
compressive strain [32].

The spontaneous and piezoelectric polarization is essential in the physics and

engineering of GaN hetero-structures technology.
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2.2 Two-dimensional Electron Gas (2DEG) in GaN-based

Heterostructures

The two-dimensional Electron Gas (2DEG) concept first emerged in AlGaN-GaN
hetero-structure in 1992 [33]. The idea of hetero-structure based transistors goes more
than three decades back when AlGaN/GaN High Electron Mobility Transistors
(HEMT) was developed. AIGaN/GaN hetero-structures development was a milestone
style in the evolution of III-V group heterogeneous transistors. A conventional single
hetero-structure HEMT device typically consists of an undoped AlGaN and a GaN
layer. They are sequentially developed on the sapphire substrate. The sheet charge
density of the 2DEG at the single AIGaN/GaN hetero-interface can reach 1x10% cm
level, which is determined by the density of electron states at the quantum well of

interface, and the Al concentration.
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Laigan

Figure 2.7 Band diagram of a conventional AIGaN-GaN HEMT illustrates the 2DEG quantum
well channel [25].

Figure 2.7 presents the band diagram of a typical GaN-based HEMT. cacav and ecan
stand for the electric fields in the corresponding layers. caicav are the surface sheet
charge of AlGaN layer. ns represents the sheet carrier density of 2DEG and 2DHG. An
is the quantum well of 2DEG. AlGaN has larger bandgap than GaN. The bandgap of
AlGaN increases when the Al mole fraction increases. 2DEG is formed because the
large bandgap in AlGaN. At the interface of AlIGaN/GaN structure, free electrons to
diffuse from large bandgap material to the smaller bandgap material. The potential
barrier at the interface confines the electrons to the quantum well. At the interface of
AlGaN/GaN, the spacer layer separates the 2DEG from any ionized donors. The

reduction of Coulomb scattering causes the mobility of 2DEG to be relatively high.
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The high density and mobility of 2DEG are a considerable candidate for carriers in the

transistor and are critical in developing GaN-based HEMT architecture.

At room temperature, the 2DEG mobility for an Alo13GaoszN/GaN heterojunction was
830 cm2/Vs [28], due to the relatively high 2DEG density in AlIGaN/GaN structure.
The value will monotonically increase and saturate at the mobility around 2600 cm?/V
s with a temperature of 77 K. When further reduce the temperature from 77 to 4.2 K,
the mobility of 2DEG will not change much [28]. Through the Van Der Pauw and Hall
measurement methods, the sheet carrier density was estimated to be 2.6 x 10! cm?2at
7 K in the unintentionally doped sample [28]. Because of the high mobility, high
density and unintentional doping properties in AlGaN/GaN hetero-structures,
heterostructure field effect transistors (HFETs) play an essential role in the power
semiconductor industry. HEFTs become promising candidates for high voltage, high

current and high power electronic systems in microwave frequencies [34-37].
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Figure 2.8 Polarization induced sheet charge density and directions of the spontaneous and
piezoelectric polarization [28].

As shown in Figure 2.8, in the case of tensile strain, the direction of piezoelectrical
polarization is parallel with spontaneous polarization and is antiparallel with the case
of compressive strain. If the polarity is flipped from the Ga surface to the N surface in
material, the piezoelectric and spontaneous polarization will change its directions.
Figure 2.8 illustrates, in Gallium face and Nitride face, the spontaneous and
piezoelectric polarization directions under the situation of strain or without strain. As
can be inferred, the magnitude of polarization in the two hetero-structure layers
would be different and would change abruptly. The gradient of polarization in space

is the polarization-induced charge density defined by or = AP. Therefore, at the top
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and bottom interfaces from GalN/AlGaN/GaN hetero-structure, the polarization sheet
charge density of 2DEG can be expressed by (2.1)

o = P(top) — P(bottom)

= [Psp(top) + Ppg(top)] (2.1)
+ [Psp (bottom) + Ppg(bottom)]

When the induced polarization charge is positive (+0), free charges will compensate
and form the charge balance condition. It is the same electrons that comprise the 2DEG
at the interface. Based on the charge neutrality theory, the negative charge will
generate a 2-Dimensional Hole Gas (2DHG) at the interface. The magnitude of

induced polarization charge density (-0) is determined by (2.2)

o] = [Psp(AlGaN) + Ppp(AlGaN)] — [Psp(GaN)] 2.2)

The maximum sheet charge concentration at the interface of a nominally undoped

AlGaN/GaN structure is given by (2.3)[28]

PO O gy ) + By~ AEC) @23)

ng(x) = o

Where d stands for the width of the AlGaN layer, e®» expresses the Schottky barrier
of a gate contact, Er represents the Fermi level concerning GaN conduction band

energy, and AEc stands for the conduction band offset at the interface of AlGaN/GaN.

The measured sheet carrier concentrations of undoped AlGaN/GaN hetero-structures
is matched well with calculated prediction when the barrier alloy compositions (Al) is
between 0.15 and 0.3. The measured 2DEG concentration is close to the maximum
concentration to compensate for the board charge caused by polarization.
AlGaN/GaN structure containing x= 0.4 and x= 0.15 is not suitable for high-quality
HFET. When x = 0.4, the high-crystal grid and thermal mismatch between the GaN
buffer and the barrier layer are structural deficiency densities in the high-density

AlGaN and the rough interface, thereby limiting the 2DEG migration rate. For x=0.15,
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the offset between AlGaN and GaN layer becomes smaller, resulting in an insufficient

limit of 2DEG concentration by induced polarization [28].

L.P. Smorchkova et al. [38] reported the formation of 2DEG in the Alo2rGao7sN/GaN
hetero-junction with a 3nm barrier thickness, which is attributed to the same to the

energy level of the surface donor-like states as shown in Figure 2.9.
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Figure 2.9 2DEG sheet charge density vs AlGaN barrier width [38].

When further increases in the barrier width, the density of 2DEG increases. It will
saturate at the value close to the polarization-induced charge density in the AlGaN

layer.
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Figure 2.10 2DEG sheet charge density in the AlxGai«N/GaN hetero-junction vs AlGaN
composition x [38].

As demonstrated in Figure 2.10, in the linear region (0.09 < x < 0.31), the increasing
rate of 2DEG density refers to Al content in AlGaN barrier is approximate to dNs/dx
=5.45 x 108 cm™.
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Figure 2.11 2DEG sheet charge density in the AlxGai1«N/GaN hetero-junction vs mobility [28].

As shown in Figure 2.11, at low-temperature condition, 2DEG mobility decreases with
the Al mole fraction and AlGaN barrier thickness increases. The experimental results
are because of the possible changes in disordered alloy scattering or interface

roughness scattering, which increase considerably with 2DEG density [38].
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Figure 2.12 Band diagrams of three heterostructures: (a) AlGaN/GaN hetero-junction, (b)
GaN/AlGaN/GaN heterojunction with the thin GaN cap layer, and (c) GaN/AlGaN/GaN with
heterojunction sufficiently thick GaN cap layer [39].

The simulation also proves the existence of a 2DHG at the upper interface of
GaN/AlGaN/GaN structures when the GaN cap layer is thick enough. GaN cap layers,

as demonstrated in Figure 2.12.
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Figure 2.13 The GaN cap layer thickness vs sheet carrier density and Hall mobility of a
GaN/AlGaN/GaN heterojunction structure with a fixed AlGaN layer thickness of 20 nm [39].

As shown in Figure 2.13, the existence of the GaN cap layer causes a decrease in the
sheet carrier density from 1.3x10" cm? (without GaN cap) to 6x10'2 cm? (with 30 nm

GaN cap).

It proves that the 2DEG sheet charge density strongly depends on the thickness of the
AlGaN layer and the Al concentration of AlGaN. The 2DEG sheet charge density
increases proportionally with the thickness of the AlIGaN layer. When the thickness is
beyond a critical value, the tensile strain in the AlGaN layer become relax because of
the cracking. The piezoelectric components reduce in this situation and can eventually
diminish the 2DEG altogether. Al concentration can determine the thickness of the

strain in the AlGaN layer. These two elements are inversely proportional.

2.3 AlGaN/GaN-based HEMTs

A high electron mobility transistor is a field-effect transistor. It is built on the theory

of hetero-structure formed from different materials with different bandgaps. Usually,
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2DEG is applied as the carrier in HEMT. The HEMT is a necessary field-effect
transistor widely used in most power electron systems. A typical AlIGaN/GaN HEMT
has epitaxially grown AlGaN on GaN, 2DEG form at the interface with high sheet

density and mobility. The 2DEG serves as the transistor channel.

+4+++ + ++ +

Figure 2.14 Schematic cross-section of the conventional A1GaN/GaN HEMT [25].

As depicted in Figure 2.14, the schematic cross-section of a typical conventional GaN-
based HEMT is demonstrated. Devices can be grown on a non-native substrate, such
as Si, SiC or Sapphire. GaN or AIN is grown as a buffer layer refers to the nucleation
layer to realize wurtzite GaN can be grown on the non-native substrate mentioned
above. Hydride Vapor Phase Epitaxy (HVPE), Metal-Organic Chemical Vapor
Deposition (MOCVD) and Molecular Beam Epitaxy (MBE) are some typical methods
which is introduced for GaN/ AlGaN epitaxial growth. The gate electrode is Schottky
type in a conventional AlIGaN/GaN HEMT. The drain and source electrodes are ohmic
contacts to 2DEG. As shown in Figure 2.14, 2DEG creates the device channel from
which current flow from source to drain as a normally-on device. In the cross-section
of the conventional GaN HEMT device, the Schottky gate could manage the device on
and off, compared with an ohmic contact applied on the source and drain. Usually,
the Gate material is Ni or Pt, and the Source and Drain material are Ti or Al. When a
negative voltage is applied to the gate, the conduction path is disrupted or cut off since

the 2DEG under the gate region is depleted, as demonstrated in Figure 2.15.
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Figure 2.15 Energy band diagram for varying Gate Voltage (Vc) (a) Vo >0 (b) Ve <0 (c) Ve < Vr
[40].

Figure 2.15 shows the turn on and off of the HEMT channel by varying the gate voltage
Ve with the corresponding energy band diagram. The blue dotted line is the Fermi
level. The solid line stands for the conduction band. When a positive or negative gate
voltage is applied on the structure, the Schottky barrier (@) will reduce or increase.

Vr refers to the threshold voltage of the HEMT.

The characteristics of an ideal power semiconductor device should conduct large
currents with relatively lower voltage drop when the device is on-state. It should also
be operated with extensive blocking capability and minimal off-state leakage current.
Devices should switch instantly when triggered on to off or vice versa, minimising

losses.

In the conventional GaN-based HEMT, the static electrical characteristics depend on
2DEG density/mobility and peak electron saturation velocity. The charge
concentration (1s) at the AlIGaN/GaN interface under the condition with a gate bias (V)

could be expressed as (2.4)[32]

€alGaN

s = ld + Ad) (Vg = Ven) (2.4)
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Where g stands for the charge of the electron, d represents the total thickness of the
AlGaN layer, Ad is typically around 2—4 nm for GaN and stands for the location of the
peak density of the 2DEG from the heterointerface, caicav is the dielectric constant of
the AlGaN layer and Vi represents the threshold voltage, as shown in (2.5)

1 qd
Vin = ¢p — EAEC — Vo ——— (np + NgWy) (2.5)

€alGaN
Where @ is height of the Schottky barrier. AE. stands for the conduction band
discontinuity. Vp2 = gNa(da)?/2¢2 and Na represent the barrier layer donor density. du
representes barrier layer thickness, 1y is the polarization charge at the interface. The

charge determines NsWu due to bulk doping [32].

In ideal conditions, Vi stands for the threshold voltage. However, in the practical
situation, the channel's current and free sheet charge are plotted against the gate
voltage. The extrapolation of the linear region to zero charges will determine the

threshold voltage.

As in HFETSs, Drain Current (Ips) and Drain Voltage (Vbs) association, also known as
transistor output characteristics, has two central regions: the linear and saturation. The
model presented by H. Morkoc et al. [32] has an approach of a two-piece model and
considers an abrupt transition from a constant mobility regime (linear region) to the

continual velocity regime (saturation region)

In the linear region, the drain current (l4) is illustrated as (2.6)[32]

M2pEGZ €alGaN de
la=—7— da (Vg = Ven)Va — - (2.6)

Where p2pec represents the 2DEG mobility and Z is the gate width. The on-state

resistance is evaluated by differentiating Is concerning Va in this regime.

The current is saturated when the drain voltage increases and exceeds its critical value,

hence causing the velocity to saturate, and could be expressed as (2.7)
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£ Zv
lg = qZVsgns = W [(Vg - Vth)_Vdss] (2‘7)

Where vst stands for the saturation velocity and Vs is the saturation drain voltage.

In a bulk material, the critical electric field is defined by the avalanche breakdown.
The value is proportional to the square of the energy bandgap (Eeroa(Eg)?). The
breakdown voltage is proportion to the fourth degree of the bandgap. The avalanche
breakdown voltage is reduced at higher dopant concentrations. The relationship
between material avalanche breakdown voltage and doping concentration is Vs o
(Np)*7. The expression for device avalanche breakdown can be shown as (2.8), where

E; is the bandgap of n-type material and Nb stands for doping concentration [32]:

Np(cm™)

Vs = 23.6E3(eV) (515

)—0.75 (28)

Since GaN-based HEMTs/HFETSs are mostly planar devices, surfaces play a significant
role in the devices blocking capability. Therefore, the breakdown voltage values
would differ from those predicted by the above equation. The field is not mature. The
passivation may work concerning optimising the surface state. Moreover, the drain
breakdown voltage is complicated and is mainly depends on the gate leakage currents
(attributed to surface states). In practice, the breakdown voltage is usually defined as

when the leakage current exceeds ImA/mm.

Electric field management has been a vital issue for conventional GaN-based HFETs,
to enhance the Vs to the theoretical limit. Figure 2.16 presents the cross-section of the
traditional HFET with a Schottky-type gate. The electric field is crowded at the gate
edge in the absence of a field plate, as shown in Figure 2.16(b), because positive

polarization charges form at the AlIGaN/GaN interface [41].
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Figure 2.16 Cross-section of the conventional HFET in (a) forward conduction (b) OFF-state [41].

Generally, Field Plate (FP) technologies are introduced to suppress the crowding of
2DEG reducing the peak of electric field. FP Technologies enhance GaN-based HEMTs
Vs by modifying the electric field distribution, reducing gate leakage current, and

mitigating hot electron generation, as illustrated in Figure 2.17 [42-44].
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Figure 2.17 Cross-sectional structure of GaN-based HFET with field plate structure (FP-HEMT)
and electric field distribution along with the interface of the AlGaN layer with field plate (solid
line) and without field plate (dashed line) [42].
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However, even in FP-HFET, there are still two peaks in the electric field distribution,
which is not entirely suppressed. Analysis of the field plate HFET device electric field
distribution first peaks at the gate electrode of the drain side and the other peaking
happens at the drain electrode, as shown in Figure 2.17. Therefore, field plate

technology could be improved by optimizing electric field distribution.
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Figure 2.18 Schematic of field plate engineering applied on A1GaN/GaN HFET [44].

Field plate length also affects increasing breakdown voltage. Double FP device further
improved breakdown value from 600V to 800V as breakdown testing is presented in
Figure 2.18. From dual FP device electric field distribution, it still has optimizing
potential; however, FP design could only reduce the peak value and could not
overcome it. Over-designed and excessively focused on FP structure will increase the
cost of manufacturing. To fix it, polarization super junction HFET was invented and

had a better performance on current collapse and dynamic on-state resistance.

The transconductance is also an essential parameter for HFETs. It is termed the drain

current variation rate concerning incremental change with gate voltage.
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Im = (@)Vgﬁconst (2-9)
The transistor operation's saturation region describes the transistor operation's
transconductance of a typical GaN-based HFET. It can be expressed in (2.9)-(2.11) [32]

dl,
Im = (W)V,Fconst
g

_ 2Zepappe (Vg — Vorr) (2.10)
ST @rapr (A

F (1 +E)D)

_ 2UzpEG (Vg - Voff)
VsaeL

$a (2.11)

When the circuit effect is taken into account, the measured extrinsic transconductance

from transistor transfer characteristics can be expressed as (2.12)[32]

max

9m

(gmax)ext =

In (2.9) (gm) ™ represents to the peak transconductance value (obtained from the sheet
charge density fully undepleted under the gate). Rs stands for the parasitic source

resistance.

GaN-based HEMTs/HFETs have a better performance in power electronic operation
system. GaN-based power devices have achieved high reliability, stability and
outstanding performance. The rapid evolution of wide bandgap semiconductors
places the GaN transistor as a critical promotion candidate for the power

semiconductor device market.

2.4 Polarization Super Junction (PSJ) HFET's

The Polarization Super Junction concept is based on the GaN cap layer built on hetero-
structure AlIGaN/GaN. It utilizes a concept of polarization compensation effect in two
hetero-interface. An equivalent magnitude of positive and negative polarization

charge o (10") exists at AlGaN/GaNand GaN/AlGaN interfaces.
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24.1 Introduction to Polarization Superjunction

Superjunction (S]) concept emerged and developed almost three decades ago in
Silicon-based power semiconductor devices. S] has become a well-established and
commercialized approach for manufacturing power MOSFETs. SJ concept can
conquer the trade-off of the material theoretical limited relationship between
breakdown voltage and area-specific on-state resistance in conventional planar
semiconductor devices. By controlling the doping concentration and the thickness of
the p-pillar and n-pillar, S] devices can realize the charge balance condition to increase
the breakdown voltage, at the same time, reduce the on-state resistance [9]. Figure 2.19
depicts the 3D cross-section and electric field distribution of a typical Schottky Barrier
Diode (SBD) and SJ diode [45].
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Figure 2.19 Device cross-section and electric field distributions when devices are nearly
breakdown (a) conventional SBD and (b) SJ diode [45].
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Es stand for the critical electric field and Vs is breakdown voltage. The relationship
between Es and Vs is derived from the basic theory of electrostatic. The line integral

defines the electric potential at a point in a static electric field E

Vp = —f E - dl (2.13)
C

C is an arbitrary path connecting the point with zero potential to the end. Compared
to different devices with SJ structures and without SJ structures with the same
dimensions, SJ devices can support relatively higher voltage. In wide bandgap
semiconductors, for instance, GaN or Silicon Carbide (SiC), Esis nearly ten times
higher than Si. In comparison, the transfer SJ concept to wide bandgap
semiconductors is complex because a relatively accurate doping control technique is

necessary to realise a perfect charge balance condition [45].

The Polarization Super Junction (PSJ) concept was first proposed by A. Nakajima et
al. in 2006 [45]. A cross-section of a diode developed on the PS] concept is presented

in Figure 2.28
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Figure 2.20 (a) Schematic device structure of PJ diode (b) polarization charge of 2DEG and
2DHG (c) AIGaN/GaN/AlGaN structure band diagram [45].

The PSJ concept is based on the polarization charge compensation effect to realize the
coexistence of high-density two-dimensional electron gas (2DEG) and two
dimensional hole gas (2DHG) at the hetero-interfaces to realize charge balance. A
high-density polarization charge op ~ 10" cm™ is formed at the hetero-interfaces of
AlGaN/GaN/AlGaN. Both positive and negative polarization charges exist at
GaNAIGaN/GaN hetero-interfaces, as shown in Figure 2.20(b). The sheet charge
density including positive and negative can be managed identically for each layer
grown. Hence, the charge balance condition can be easily achieved in PSJ structures.
Charge compensation effects in PS] devices are similar to ideal SJ structures. Figure
2.20(c) presents the simplified band structure of a PSJ Structure. Due to the
polarization effect, 2DEG and 2DHG with significant high density are formed at the
heterointerfaces of GaNAlIGaN/GaN at the same time, respectively, without any

intentional doping. This have been proved by Power Microelectronics Team in
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Sheffield [46]. This advanced feature in PSJ devices is superior to SJ devices. 2DEG
and 2DHG are restricted to quantum wells at the AlIGaN/GaN and GaN/AlGaN
interfaces. The mobilities of 2DEG and 2DHG are significantly high due to the low
level of impurity scattering. Based on the theoretical prediction of 2DHG induced by
negative polarization charges, similar to 2DEG, high-density 2DHG, which reached
the Power Microelectronic team, first demonstrated more than 10 c¢cm? at the
University of Sheffield and PowDec K.K from Japan in 2010 [47, 48]. Figure 2.21(a)
shows the layer structure, including a double-hetero GaN/AlGaN/GaN structure with

a p-GaN cap layer.
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Figure 2.21 (a) p-GaN/u-GaN/AlGaN/u-GaN layers specification and (b) corresponding band
diagram [47].

Al composition in the AlGaN layer is 23%, and the thickness is 47nm. The Mg doping
concentration of the 20nm p-GaN is 3x10" cm. The measured 2DHG sheet density
and mobility are 1.1x10 cm and 16 cm? V! s7, respectively. The Mg layer, which is
also called p-GaN layer, is only used for forming p-type base contact, does not
contribute to the charge balance. This is because the charge density from the Mg layer
is much lower than 2DHG [49] and the detailed analysis will be shown in Chapter 4.

Although PSJ technology has developed fast in recent years, no transparent analytical
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model exists for PS] devices. The accurate models will be built and analyzed in this
work. Measured and analyzed fabricated device work in preparation for building

accurate analytical models will be shown in 2.4.2

2.4.2 Characterization in GaN Polarisation Super Junction HFETs

The Sheffield power microelectronic team demonstrated GaN-based HFETs with PJ
technology on sapphire substrates in 2011 [50]. Figure 2.22 presents a basic schematics
cross-section of a typical GaN-based PS] HFET and the ideal off-state electric field
distribution. The limitation in the trade-off between specific on-state resistance (R wn,
s») and device breakdown voltage bound the development of power semiconductor
device technology. In conventional GaN-based HFETs FP technology contribute to

optimize the electric field profile, as demonstrated in Figure 2.22(a) [42].
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Figure 2.22 Schematics of (a) Conventional GaN-based HFET with FP technology, (b) GaN-based
PS] HFET cross-section with the simplified electric field distribution when the device is under
off-state conditions [46].

In Polarisation Super Junction (PSJ), a rectangle-shape electric field is attained by
engineering the polarisation property inherent to group III-V nitride compound
semiconductors. GaN/AlGaN/GaN herein is formed by GaN Wourtzite crystal

structure. The primary device architecture is based on a GaN/AlGaN/GaN double
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hetero-structure where positive and negative polarisation charges of equal charge
density coexist at the AlGaN (0001)/GaN (0001) interface with two-dimensional
electron gas (2DEG) accumulation and GaN (0001)/A1GaN (0001) interface with two-
dimensional hole gas (2DHG) accumulation, respectively. This has been illustrated
schematically in Figure 2.22(b). With on-state characteristics as in conventional
AlGaN/GaN HFETs utilizing the 2DEG for conduction, PS] technology employs
inherent charge balance in the PS] region to enhance the device breakdown voltage

with a specific length of the PS] [41, 45, 50].

An undoped 20nm GaN, a 47nm AlGaN and an undoped 800nm GaN sub layer
forming the heterostructure, were grown by MOCVD on semi-insulating 6H-SiC

substrates (370pm). The detailed fabrication process will be discussed in Chapter 3.
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(@ (b)

Figure 2.23 Micrograph and simplified cross-sectional schematic of (a) Conventional HFET (b)
PS] HFET.

Figure 2.23 (a)-(b) presents the simplified cross-section of a typical fabricated
conventional GaN-based HFET without FP (Le=3um, Lcs=3um, Lcp=28.5um,
Lps=34.5um, Width=50pm) and PS] HFET (Le=3um, Lcs=3um, Lcp=24.5um,
Lps=30.5um, Width=50um), respectively, which were fabricated by Dr. Vineet.
Electrical characterization of fabricated devices was measured by Power
Microelectronics Team in Sheffield using Agilent B1500A power device analyzer.
Figure 2.24(a) shows measured transfer I-V characteristics. Derivation
transconductance is presented in Figure 2.24(b). Conventional and PS] HFETs show
equivalent threshold voltage (Vru~ -2V). At Vbs=10V, while the drain current (Ip) of a
conventional HFET saturates at Vcs=2.5V and Ip=480 mA/mm, the same occurs at
Ves=2V and Ip=260 mA/mm in a PS] HFET when the base electrode is connected to

ground potential. PS] HFET also shows reduced transconductance at higher

temperatures.
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Figure 2.24 Measured characteristics of (a) transfer I-V characteristics at room temperature and
Vps=10V and (b) derived transconductance from (a).
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As can be observed from Figure 2.24(a)-(b), the linearity of the drain current over a
wider range of Vas in conventional HFETs translates to a higher magnitude of peak
transconductance (gm) compared to that of a PS] HFET. It should be noted that
although having a high transconductance can be helpful during power switching, it is
a more critical parameter for radio frequency (RF) applications that require the
transistors to operate primarily in the saturation region. The trade-off between

transconductance characteristics and obtaining ideal charge balance condition within

the device.
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Figure 2.25 Measured output characteristics of PS] HFET at T)=300K and 375K. and Vc=1V.

Figure 2.25 demonstrates the reduction of the drain saturation current with increasing
temperature. As the concentration of 2DEG is almost independent of the temperature
variation, the decrease in current can be attributed mainly to the reduction in 2DEG
mobility, increased contact resistance between device metal contact and increased

phonon related scattering [51].
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Figure 2.26 (a) Energy Band Diagram (b) Carrier concentration.

In the numerical simulation, physics-based solutions for the sheet density of 2DEG

and 2DHG are achieved in Silvaco TCAD using POLAR, CALC models.STRAIN and

SRH to obtain reliable results [52]. The detailed simulation work and models will be

discussed in the following chapters. The simulated band diagram and concentration

of 2DEG and 2DHG in the PS] region are presented in Figure 2.26(a)-(b).
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Figure 2.27 Simulated (a) transfer I-V characteristics (b) Transconductance.

The geometry of simulated structures was set based on the actual design and

processing parameters used for the fabricated devices. However, it is to be noted that
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the objective of this simulation study is to obtain a physical understander of PS]
technology rather than fitting the exact experimental results. The p-type doped GaN
layer is assumed to be uniform with a doping concentration of 3 x 10"cm. Mg dopants
do not influence the calculation of 2DEG and 2DHG [47, 48]. This is because 20nm of
p-type doped GaN cap layer (p-GaN) with 3x10cm? Mg doping concentration can
only serve approximate 0.6x10%cm? positive sheet charge density when Mg active
percentage is 1% at 300K [48]. The AlGaN layer thickness in conventional HFET is set
as 20nm. AlGaN thickness in PS] HFET was set as 47nm in the PSJ region and as 20nm
in the remaining access region between the source and drain electrodes. Al mole
fraction in the AlGaN layer was fixed as 23% in both structures. Simulated transfer I-
V characteristics and derived transconductance at Vps=10V, have been shown in

Figure 2.27 and appear to be generally aligned to the measured characteristics.

The differences observed such as the simulated value of Vru being ~ - 3 V (instead of -
2V for the actual structures), and generally higher normalized values of drain
saturation current can be attributed to non-ideality (AlGaN thickness in the access
regions post ICP etching and corresponding impact on 2DEG concentration, finite
contact resistance.) that is introduced during physical processing of the structures.
Based on TLM characterization of test structures within the proximity of the devices,
the specific contact resistance was estimated to be in the range of 10-4-10-°> ohm.cm?. I-
V characteristics are determined by the distribution of charge carriers (2DEG density)
available and the dependence of their transport characteristics under a given biasing

condition.
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Figure 2.28 Simulated output characteristics of (a) conventional HFET and (b) PS] HFET at

Ves=1V.

The simulated output characteristics and temperature dependence of drain current

saturation behaviour with variation in temperature from 300K to 450K are presented

in Figure 2.28 and Figure 2.29, respectively.
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Figure 2.29 Simulated temperature dependence of the saturation currents of conventional and
PSJ HFET structures at Vps=8V and Vgs=1V.
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The results are closely aligned to experimental results within the measured
temperature range. While both structures show reduced current levels at higher
temperatures, PS] HFETSs are expected to exhibit superior saturation characteristics at

elevated temperatures, as shown in Figure 2.29.
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Figure 2.30 Simulated breakdown characteristics of conventional with Field Plate, and PS] HFET
structures at Vgs=-5V.

Simulated breakdown characteristics of a conventional HFET (with Gate FP) and the

PSJ] HFET are shown in Figure 2.30.

Figure 2.31 shows measured off-state characteristics comparison between the

conventional GaN-based HFETs and PS] HFETs applied with Vgs=-10V (Lga =13 pum).
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Figure 2.31 Typical off-state characteristics of conventional and PS] HFETs at Vgs = -10 V [41].

The measured BV is higher than 700 V and the on-resistance is only 15 Q-mm.
Although only a single approach has been established for comparison, there is no
single method for designing high voltage GaN HFETs using metal FPs. The techniques
can vary from using just Gate FP to including Source and Drain FPs as well as
optimized combinations. The degree of device processing complexity varies
depending on the adopted technique. With the scenario considered for numerical
simulations and measured results, the significantly higher breakdown voltage can be
achieved using PSJ without employing any metal FP for a certain length in the drift
region. This makes PSJ technology-based GaN power devices ideal for existing and
emerging high-temperature power electronic applications. PS] GaN devices have the
potential to become an essential component of next-generation power semiconductor
devices, which break the GaN theoretical limit. The better performance of PSJ devices
is ideally suitable for ultra-fast operation power systems and IC chips with efficient

size.

This revolutionary technology's natural course of evolution is to build theoretical and

simulated models compared with the experiment results to understand further and
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develop the PS] technology. The next chapter (Chapter 3) covers the details of building
the simulation model and progress made on this front of PS] GaN technology research

and development, especially on the fabricated process.

2.5 Summary

The basic theory of Gallium Nitride material and the physical of two-dimensional
electron gases formation and application in wurtzite GaN/AlGaN heterostructures are
introduced in this chapter. The key elements for 2DEG, such as Al mole fraction and
AlGaN thickness, are discussed and analysed. The fundamental theory of GaN-based
HEMTSs/HFETs is also acquainted herein as well as FP technology for solving the
electric profile issues in GaN HEMTs.

In this chapter, the GaN material property is introduced initially and the polarization
engineering of 2DEG and 2DHG is discussed. Field Plate (FP) technology and
Polarisation Super Junction (PSJ) concept are also presented herein. Attributed to the
intrinsic design of PSJ structure is also the capability to limit the drain saturation
current density to almost half the magnitude of what is obtained in a conventional
AlGaN/GaN HFET that can be achieved without compromising the typical on-state
characteristics. The resulting enhancement in short-circuit capability can therefore be
leveraged in the overall system-level design. Partial numerical simulation results are
shown and compared in two configurations, developed on FP and PSJ technology, to
investigate the device's physical mechanisms. This chapter also shows the measured
on-state and off-state characteristics of conventional and PS] devices as comparisons

with simulation results.
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Chapter 3 PS] DEVICES SIMULATION, FABRICATION AND

MEASUREMENT

In the previous chapter, Polarisation Super Junction (PS]J) is introduced. This chapter
also presents the simulation of PS] devices, including PS] diodes, Ohmic gate (OG) PSJ
HFETs and Schottky gate (SG) PS] HFETs, to gain insight into physical devices
mechanisms and electrical characteristics. Based on the simulation results, structures
will be designed, including test structures, large area devices, and process control
monitor (PCM) design. The whole process containing mask design, cleanroom

fabrication, and device characterization will be presented and discussed.

3.1 Introduction

PS] concept uses the compensation effect of polarization charges at each
heterointerface. It mainly consists of undoped GaN/AlGaN/GaN layers [45]. A high-
density polarization charge is generated at the heterointerfaces as shown in Figure 3.1.
The sheet density (Ns and Ps) can reach 103cm®. Positive and negative polarization
charges exist at AlGaN/GaN and GaN/AlGaN interfaces. The thickness of positive and
negative charges can be controlled to match each layer perfectly. Therefore, the charge
balance condition can be achieved similar to ideal super-junction (S]) structures. Due
to the polarization effect, two-dimensional electron gas (2DEG) and two-dimensional
hole gas (2DHG) with significant high density are spontaneously formed at the
heterointerfaces of GaNAIGaN/GaN, respectively. The mobilities of 2DEG and 2DHG

are relatively high since they are well-confined to quantum wells.
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Figure 3.1 Schematic cross section and simplified electric field distribution of lateral PS]
structure.

This chapter first presents an overview of physics-based simulations of PSJ devices.
The simulation results contribute to improving the practical design of PS] devices.
Based on simulation results, masks, including PS] devices, process control
management (PCM) structures and novel designs utilized for fabrication are
optimized subsequently. The whole process flow is also improved by the reduces
unnecessary procedures. Devices are fabricated in the nanoscience clean room. Finally,
the next chapter will characterise fabricated devices and calibrate them with analytical

and numerical models.

3.2 PSJ Device Simulations

To provide a valid basis for devices fabrication efforts, numerical modelling of on-
state, transfer and reverse characteristics of PS] devices are investigated. Silvaco

TCAD Atlas physics-based device simulation software is used in this chapter.

Silvaco TCAD is a computer-assisted design simulation software used in developing,

testing and producing semiconductor devices and integrated circuits. This complete



Page | 48

tool enables the physical semiconductor process to provide strong motivation for IC
design at all stages, including device simulation (ATLAS), extremely accurate
description of interconnect parameters, physical reliability modelling and traditional
CAD. All these functions are integrated into a unified framework to provide the
performance and reliability effects caused by the changes, the engineer at any stage in

the complete design and provide direct feedback.

The most crucial part, Atlas, is a two -dimensional device simulation tool based on the
physical mechanism for the electrical characteristics of the structure of a specific
semiconductor device and the simulation device is related to the internal physical
mechanism. In atlas, each input file must include five groups of statements arranged
in the correct order. The order of these groups is the structure specification (mesh,
region, electrode and doping), material models specification (material, models,
contact and interface), numerical method selection (method), solution specification

(log, solve, load and save) and results analysis (extract and tonyplot).

The main models used in the simulation work are shown in Table 3.1. Models are
based on the instructions for Silvaco users, examples in the software and previous

calibration works [52].

Model Description
POLAR Spontaneous polarization
CALC.STRAIN Piezoelectric polarization

Shockley—Read-Hall recombination using

CONSRH . o
concentration-dependent lifetimes
AUCER Recombination accounting for high-level injection
effects
SELB Selberherr’s model for impact ionisation=breakdown

Table 3.1 Models and Parameters used in Silvaco TCAD simulation [52].

The simulation also underlined the importance of a metal field plate at the drain end
to enhance the electric field strength within the PSJ layer. Simulation results clearly

showed that PS] could offer an electric field uniformly across the region (Lrs)) between
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the edge of the gate and the drain, which would mean an Lrs; (the distance between
the edge of the gate and the drain) of 15um (max) for 1500 V and it can scale up directly

with Lrs;.

3.2.1 PS] Diode Simulation

The PSJ diodes simulations mainly focus on a hybrid type consisting of a conventional
lateral PSJ Schottky diode and a GaN PiN diode, which is designed in Sheffield, as
shown in Figure 3.2. It consists of a p-type doped GaN cap layer (p-GaN) with
5x10%cm? Mg-doped, a 55nm undoped GaN layer, a 40nm AlGaN layer with 27% Al

composition and an 800nm u-GaN sub-layer.

u-AlGaN~10nm Al=27%

u-AlGaN~30nm Al=27%

Figure 3.2 Schematic cross-section of the Hybrid PS] Diode (Designed in Sheffield).

Anode is Schottky contact to 2DEG forming a lateral Schottky PSJ diode and base is
Ohmic contact to 2DHG forming a PiN diode.
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Figure 3.3 Simulated Hybrid PS] Diodes characteristics of (a) Inc-Vac (b) reversed Ic-Ve.

The Ii-Vie characteristic and device blocking capability are shown in Figure 3.3(a) and
(b), respectively. With the increase of Lrs;, the current reduces in simulation as
expected and breakdown voltage presents a linear scale with Lrs;. A typical PSJ diode
with 15um can support more than 1500V if the critical electric field can reach IMV/cm

as predicted in the simulation.

3.2.2 PSJ HFET Simulation

As shown in Figure 3.4, there are two types of PS] HFET, Ohmic Gate (OG) and
Schottky Gate (SG). The geometries of simulated PS] HFETs are set based on the actual
design and processing parameters used for the fabricated devices. However, it is to be
noted that the objective of this simulation study in this chapter is to obtain a physical
understander of PSJ technology rather than fitting the exact experimental results. The
p-type doped GaN layer is assumed to be uniform with a doping concentration of 3 x
10¥cm. Mg dopants do not influence the calculation of 2DEG and 2DHG [47, 48]. This
is because 20nm of p-type doped GaN cap layer (p-GaN) with 3x10cm? Mg doping
concentration can only serve approximate 0.6x10'°%cm™ positive sheet charge density
when Mg active percentage is 1% at 300K. The AlGaN layer thickness in conventional
HFET is set as 20nm. AlGaN thickness in PS] HFET was set as 47nm in the PSJ region
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and as 20nm in the remaining access region between the source and drain electrodes.

Al mole fraction in the AlGaN layer is fixed as 23% in both structures.
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Figure 3.4 Schematics and circuit model of device cross-section for calculating R (o, sp (a) Ohmic
Gate PSJ HFETs (b) Schottky Gate PS] HFETs.

Figure 3.5 shows the Simulated output -V characteristics of the OG and SG PS]
HFETs. With the same Lrs;, Ro» of OG PS] HFETs is lower than SG devices since the

shorter distance between the source and the drain electrode in OG structure.
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Figure 3.5 Simulated output Is-Va characteristics of the (a) Ohmic Gate PS] HFETSs (b) Schottky
Gate PS] HFETs at Vg=0V.

Simulated output I+-V, characteristics of the OG and SG PS] HFETs are shown in
Figure 3.6. Although the Roris lower in OG PS] HFETs, the threshold voltage is lower

than that in SG devices, which means the controllability is better for an SG design.
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Figure 3.6 Simulated output I+-V; characteristics of the (a) Ohmic Gate PS] HFETs (b) Schottky
Gate PS] HFETSs at Vi=1V.

Simulated lateral electric field distribution before the breakdown of the OG and SG
PS] HFETs is demonstrated in Figure 3.7. A similar electric field profile proves that

the gate design is only related to the threshold voltage.
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Figure 3.7 Simulated lateral electric field distribution before the breakdown of (a) Ohmic Gate
PS] HFETSs (b) Schottky Gate PS] HFETSs at Vg=-15V.

Simulated off-state 1:-Va characteristics of the OG and SG PS] HFETs are demonstrated
in Figure 3.8. It shows that when devices are designed with the same Lrs, the

breakdown voltage is almost the same in OG and SG PSJ] HFETs.

OG PSJ HFET BV SG PSJ HFET BV
60.0m 15.0p
— Lo ,=5um
T 500 LPSJ 1:; Loo,=20um "8 12V E — Lps,=5um V_ =15V
T, I E— = M — = =
E_ PSJ H PSJ & £ 1200 —Lpg,=10pm —Lpg,=20pm g
$ 40.0m — g
= e 9.0p-
) )
= 30.0m =
= S
Q Q 6.0u4
.E 20.0m .E
i g
0 40.0m- o 307
0.0 ‘ ‘ ‘ . 0.0 . . ‘ | ‘
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 6000
Drain Voltage (V) Drain Voltage (V)
(@) (b)

Figure 3.8 Simulated off-state Is-Va characteristics of the (a) Ohmic Gate PS] HFETs (b) Schottky
Gate PSJ HFETs at Vg=-15V.



Page |54

Simulated temperature-dependent output Ii-Vi characteristics of the OG and SG PS]

HFETs are demonstrated in Figure 3.9.
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Figure 3.9 Simulated temperature dependent output Is-Va characteristics of the (a) Ohmic Gate
PS] HFETSs (b) Schottky Gate PS] HFETs when Lrsi=15um and Vg= 0V.

With the increase in temperature, the drain current reduces in the linear and

saturation regions. As the concentration of 2DEG is almost independent of the

temperature variation, the decrease in current can be attributed mainly to the

reduction in 2DEG mobility, increased contact resistance between device metal

contact, and increased phonon-related scattering [51]. Compared to Figure 3.5 and

Figure 3.6, although Ro: of OG gate devices is lower than SG gate devices, the control

of SG type gate is better and the Vu is higher.

3.3 PSJ Device Design

As mentioned in Chapter 2, the PS] concept was proved at the University of Sheffield.

The cross-section of the basic structure is presented in Figure 3.10.
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Figure 3.10 Cross-section schematic of PS] HFET.

A u-GaN, a u-AlGaN and a u-GaN are grown by metal-organic chemical vapour
deposition (MOCVD) on 4” Sapphire substrates and formed GaN/AlGaN/GaN
hetero-structure. The sub-u-GaN layer with 0.8um thickness is grown on a nucleation
layer by epitaxial growth. The undoped AlGaN layer is 47nm with an Al concentration
of 23%. The undoped GaN cap layer is 20nm. P-GaN cap layers are 17nm with
5x10%cm? Mg doping concentration and 3nm with 2x10%cm=3. 2DHG is formed at the
upper GaN/AlGaN interface. Correspondingly, 2DEG is located at the bottom
AlGaN/GaN interface. The sheet density of 2DEG and 2DHG can reach 1.0x10%cm™2
and 9.5x102cm? respectively, as calibrated by the analytical models, simulation and

measurement results in the next chapter at room temperature [41].

The source and drain electrodes are formed to Ohmic contact. Ti/Al/Ti/Au are the
metals used on the source and drain electrodes to reduce contact resistance N2 ambient
at 800 °C. The gate is Ni/Au on the AlGaN layer without the annealing process. Base
electrode is deposited on p-GaN layers under air condition (20% Oz and 80% N:) at
550 °C annealing temperature. As the passivation layer, a 150nm thick SiN: is

deposited by a plasma-enhanced chemical vapour deposition (PECVD) system. The
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design rule of whole process is 0.5um and the minimum feature size is 3um. The
device's reported measurement data, which had a width of 50 um, indicated a drain
current of 50 mA/mm at VDS=1V and a breakdown voltage of > 700 V [41]. According
to previous experience fabricating PSJ devices in Sheffield, the test structure of SG PSJ
HFETs process is designed and optimized and compared with OG PS] HFETs

manufactured at Powdec KK.

3.3.1 Design Objectives
The project aims to test GaN-based PS] devices (Diodes and HFETs) on Sapphire

substrate :

1. Operating voltage: 500-2000V, is through the variation of the PSJ region length (Lrs))
based on the fabrication of proof of concept devices.
2. Current Capability: up to 5A and mainly focus on test structure. Implementing the

large-area device is through the employment of multi-finger layout schemes.

3.3.2 Layout Schemes

The primary commonly employed schemes for large area GaN-based HFETs are
identified as multi-finger layouts [53]. Figure 3.11 and Figure 3.12 show that the design
of large area PS] HFET employs a multi-finger layout. The pad layout like as engaged
in a Serpentine-type configuration. Gate, Source and Drain electrodes pad are located
in the same fashion as well as the fingers in the active region. Therefore, the type of
layout scheme is defined as a multi-finger layout. Gate and Source pads lay on the
same side, and the drain electrode pad is located on the opposite side. Finger
electrodes in the active region are connected to the bus line, which extends from

electrode pads.
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Figure 3.11 Typical Ohmic Gate PS] Multi-finger Layout (a) Top-view of PS] FET (b) Cross-
section-view of PSJ FET.

Invariably, some regions overlap the gate and source connection parts. In this
situation of multi-finger design, air bridges are typically introduced to isolate between
the gate and source electrodes and guarantee continuity from the source, gate or drain

pad region.

== MesaRegon

Cross-section
1
1
T
——
1
1

u-GaN
Buffer

(@) (b)



Page |58

Figure 3.12 Typical Schottky Gate PS] Multi-finger Layout (a) Top-view of PSJ FET (b) Cross-
section-view of PSJ FET.

3.3.3 PSJ Devices Design

The multi-finger layout schemes are eligible for designing large area PS] devices. The
next step is to develop diodes and transistors based on PSJ technology and previous
experience. The reference proof of concept PS] HFET design used is discussed
previously. The aim is to incorporate the understanding mechanism of PSJ technology

through designed devices and enhance the device's power handling capability.
Current capability in each finger Source/Drain/Base electrode sizing

The primary challenge is determining the size of the electrode fingers, such as width,
length and thickness, in the active region. It is essential to ensure these fingers have
sufficient current handling capability and guarantee that each finger's current
distribution is uniform during conduction. From a reliability perspective, the crucial
part of being considered is electromigration, and gold (Au) form the interconnection
in power circuits is supposed to avoid failure. This type of failure mode depends on
the material used for interconnects, geometry, current density, current levels, metal
deposition techniques, under and overlayers, and the metal conductor film
temperature [54-57]. Multiple parameters influence the metal reliability performance
of electrodes, whereas a large current density of close to 250 kA/ cm? is in the safe
range of operation from functionality and reliability. The plurality in each device is
also an essential factor which can affect the size of the drain and source electrodes.
The feasible metal thickness in practical fabrication can also determine the size of each
finger. According to the previous fabrication work, the size of the drain and source
electrodes is determined by the unit cell plurality. Therefore, in this work, the desired

current ratings are assumed as:

» The maximum metal thickness achievable is 2um
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> The minimum metal width in each finger is 4um

» The maximum electrode width is 1600pum (with the reduction of the rated

current, the value will reduce to 500pm)

» Current density in each finger unit cell (normalized to gate width) =

50mA/mm
» Maximum current density through each metal finger = 250kA/ cm?

The current target rating of 1A as an example thus indicates a functional Gate width
requirement of 20mm. Each finger length is set as 1600um. Hence, 7 cells is a
considerable number that can manage effectively to handle 1A current rate with the
assumption of uniform current distribution ( it should be noted that each cell has 1
gate, and each drain or source finger is shared by two cells). Each drain/source finger
would require the ability to handle ~ 75mA. Considering the maximum allowable
current density is 250kA/ cm?, drain and source electrode length needs > 15um with a
metal thickness of 2um. Since the PSJ concept also enables reverse conduction through
a diode-like behaviour from the base side to the drain, the base finger is also designed

in the same rules.
Electrode Pad sizing

The area size of the pad design is based on the package approach and wire-bonding
facility. Considering the University of Sheffield Au wire-bonding facility, the
dimension of the pad is set with a diameter of 250um. Typically, in the design of wire-
bonding for power semiconductor devices, the suggested pad area generally is 2-3
times for wedge-bonding and 3-5 times for ball-bonding. Therefore, the pad area of

wire-bonded devices requires a minimum side length of 250pum [58, 59].

Another packaging approach is Flip-Chip Bonding with gold stud bumping. The

benefit of this option is that the effective interconnection length is lower than the wire-
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bonding method [60]. The pad minimum dimensions for gold stud-bumping are to be

designed as 100pum=100um when flip-chip bonding is adopted.
Device Blocking Voltage

The next aspect of the potential PS] device design is the operating voltage of the
devices, which is targeted to be enough to support 650V and 1200V. Based on previous
test results from the proof of concept devices and according to the theory that the
device blocking capability is primarily governed by the PSJ region length (from base
right edge to mesa right edge), 15 um is enough to sustain 1500V which have
considered 20% additional margin based on the objective operating voltage of PS]
devices. All high-power and high-frequency GaN-based PSJ devices will be designed

based on this specification.

3.3.4 Optimization of Process Flow and Mask Design
Following parameters requirements for multi-finger layout determined by the aim of
the design and previous work, process flow and mask needs to be designed next. The

process flow is optimized as:
» Optimize the alignment mark to reduce artificial error.

> Increase the controllability of ICP etching (more precise etch depth) and

reduce the roughness of the surface after the etching process.

> The p-GaN etch process is optimized (compare ICP dry etch and HF wet
etch) to ensure that p-type doped GaN will not impact the charge balance
of 2DEG and 2DHG.

» Optimize the base electrode contact (p-GalN Ohmic contact) performance

through varying the metallization and annealing (time and temperature).

» Optimize the thickness and quality of the insulation layer surrounding
metal fingers or pads to minimize any supplementary leakage from the pad

regions
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» Enhance the controllability via etching and increase the second metal
deposition thickness to the appropriate level to guarantee the continuity
between source and drain pads to fingers in the device active region.
Investigate a novel and innovative approach to enhancing individual source
and drain current handling capability of electrodes. The electrode finger

lengths should be of practical value to reduce finger resistance.

» The thick dielectric layer deposition for devices passivation and pads

window opening.

The overall process flow for both PS] HFETs and diodes(on Sapphire substrate) is

demonstrated in Table 3.2 and Figure 3.13:

S.No Process Mask Sub-process Equipment/Chemical
1 Alignment GDS Layer 0 - 1.1 3-step Cleaning n-butyl acetate-
Mark Etching Alignment acetone-IPA
Mark - AM 1.2 Photolithography Carl Suss M]JB3
(Dark Field) uv300
1.3 ICP Etch Oxford
PlasmaSystem100
1.4 Photoresist Stripping POSISRIP EKC830

1.5 Etch Depth measurement Veeco Dektak 150

2 Device GDS Layer 1 - 2.1 3-step Cleaning n-butyl acetate-
Isolation Isolation — ISO acetone-IPA
(Light Field) 2.2 Photolithography Carl Suss MJB3
uv300
2.3 ICP Etch Oxford
PlasmaSystem100
2.4 Photoresist Stripping POSISRIP EKC830

2.5 Etch Depth measurement Veeco Dektak 150

3 Pad Insulation | GDS Layer 4 - 3.1 3-step Cleaning n-butyl acetate-

Gate Isolation acetone-IPA
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- GI (Dark 3.2 PECVD Deposition (S3Na) Plasmatherm 790
Field) series
3.3 Thickness verification on | JA Woollem VASE ®
monitor wafer
3.4 Primer application Hexa-Methyl-Di-
Silazane (HMDS)
3.5 Photolithography Carl Suss MJB3
uUv300
3.6 Wet etch Buffered HF (10%)
3.7 Photoresist Stripping POSISRIP EKC830
3.8 Etch Depth measurement Veeco Dektak 150
Mesa etch GDS Layer 2 - 4.1 3-step Cleaning n-butyl acetate-
Mesa Etch - acetone-IPA
ME (Light 4.2 Photolithography Carl Suss M]JB3
Field) uv300
4.3 ICP Etch Oxford
PlasmaSystem100
4.4 Photoresist Stripping POSISRIP EKC830
4.5 Etch Depth measurement Veeco Dektak 150
Drain/Source | GDS Layer 3 - 5.1 3-step Cleaning n-butyl acetate-
Contact N Contact - acetone-IPA
NC (Dark 5.2 Photolithography Carl Suss MJB3
Field) uv300
5.3 Dilute HCl dip
5.4 Thermal evaporation of Edwards Coating
Ti/Al/Ni/Au (800°C N2 System E306A
ambient 1min)
5.5 Lift-off
5.6 RTA Mattson RTA System
Base Contact | GDS Layer5 - 6.1 3-step Cleaning n-butyl acetate-

P Contact - PC
(Dark Field)

acetone-IPA

6.2 Photolithography

Carl Suss MJB3
UVv300
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6.3 Dilute HCI dip
6.4 Thermal evaporation of Edwards Coating
Ni/Au System E306A
6.5 Lift-off
6.6 RTA (500°C air ambient Mattson RTA System

10mins)

6.7 3-step Cleaning

n-butyl acetate-

acetone-IPA

6.8 Photolithography Carl Suss M]JB3
uv300
6.9 Thermal evaporation of Edwards Coating
Ti/Au System E306A

6.10 Lift-off

Gate Contact

GDS Layer 8 -

Gate Contact —

7.1 3-step Cleaning

n-butyl acetate-

acetone-IPA

GC (Dark 7.2 Photolithography Carl Suss MJB3
Field) uv300
7.3 Dilute HCI dip
7.4 Thermal evaporation of Edwards Coating
Ni/Au System E306A
7.5 Lift-off
Gate GDS Layer 9 - 8.1 3-step Cleaning n-butyl acetate-
Insulation & Via -V (Dark acetone-IPA
Via Field) 8.2 PECVD Deposition Plasmatherm 790
(SsN4/Oxide) series

8.3 Thickness verification on

monitor wafer

JA Woollem VASE ®

8.4 Photolithography Carl Suss MJB3
uv300
8.5 RIE Etch
8.6 Photoresist Stripping POSISRIP EKC830
8.7 Etch Depth measurement Veeco Dektak 150
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9 Second Metal | GDS Layer 10 9.1 3-step Cleaning n-butyl acetate-
— Metal 2 - M2 acetone-IPA
(Dark Field) 9.2 Photolithography Carl Suss M]JB3
uv300
9.3 Thermal evaporation of Edwards Coating
Ti/Au System E306A
9.4 Lift-off
10 Dielectric GDS Layer 7- 10.1 3-step Cleaning n-butyl acetate-
deposition/Pad Pad (Dark acetone-IPA
opening Field) 10.2 Dielectric deposition

10.3 Photolithography Carl Suss MJB3
uv300
10.4 RIE Etch
10.5 Photoresist Stripping POSISRIP EKC830
10.6 Etch Depth measurement Veeco Dektak 150

10.7 3-step Cleaning

n-butyl acetate-

acetone-IPA

Table 3.2 The overall process flow for PS] HFETs and diodes (Sapphire substrate).
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p+-GaN (17 nm)

AlGaN (47 nm)

p+-GaN (17 nm)

AlGaN (47 nm)

p+GaN (47 nm)

AlGaN (47 nm)

p+-GaN (17 nm)

AlGaN (47 nm)

AlGaN (47 nm)

Figure 3.13 Large area Process flow (Fabricated in Sheffield) (a) Starting material (b) Alignment
mark (c) Device isolation and Pad insulation (d) Mesa formation (e) Drain/Source contact (f)
Base contact (g) Gate contact (h) Via (Gate isolation) (i) Second metal.
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The final step is depositing a final insulator layer and open a window for the pad. The
schematic of the final device cross-section and layout (serpentine gate) are presented

in Figure 3.14.

p+-GaN (17 nm)

AlGaN (47 nm)

Figure 3.14 Schematic of the final device (cross-section and layout (Fabricated in Sheffield)).

3.4 PSJ Device Mask Design

The following PSJ devices are mainly selected to be scaled up and compared with PSJ
devices from Powdec KK.

1. Hybrid/PS] Diodes (as demonstrated in Figure 3.2)
2. OG PS] HFETs and SG PSJ] HFET (as demonstrate in Figure 3.4)

Once the process flow was developed and the primary parameters of PSJ devices are
defined. The Mask design software used is Klayout, which is a layout design software.
Compared with the previous mask design set, in this process flow version, a p-GaN
etch mask is regarded as an optional design to remove the additional p-GaN layer.
The instruction of the Graphic Database System (GDS) layers (0-10) are depicted
below in Table 3.3.
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AM 1 Alignment Mark 0 NA Dark Field
ISO 2 Isolation 1 AM Light Field
ME 4 Mesa Etch 2 AM Light Field
NC 5 N Contact 3 AM Dark Field
GI 3 Gate Isolation 4 AM Dark Field
PC 6 P Contact 5 NC Dark Field
PAS 12 Passivation 6 PC Dark Field
Pad 11 Pad 7 PC Dark Field
GC 8 Gate Contact 8 NC Dark Field
\" 9 Via 9 PC Dark Field
M2 10 Metal 2 10 PC Dark Field
PE 7 P-GaN Etch 11 NC Dark Field

Table 3.3 The alignment sequence for GaN-based PS] HFET (on semi-insulating Sapphire
substrate).

But before that, the mask alignment sequence had to be finalized as that directly
impacts the misalignment tolerances for the various layers with respect to the
available alignment marks. The minimum feature size and feasible misalignment are
+ 1um for photolithography in this fabrication process. To reserve some margin, the
design rule for minimum misalignment is identified as + 1.5um. The alignment
sequence chosen is as depicted below in Figure 3.15(a) and that provided the
minimum dimensions for the basic cell (The minimum gate length was selected as

3um) as illustrated in Figure 3.15(b) and (c).
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Figure 3.15 (a) Alignment Sequence (b) Feature size of OG PS]J basic cell (c¢) SG PS]J basic cell.

AM, NC and PC are regarded as the reference layers for Levels 2, 3 and 4 alignments.
When a layer is aligned to the reference layer for alignment, at an introductory level,
the maximum physical misalignment is + 1um (e.g., ISO to AM or PC to NC). At the
same level, the maximum misalignment between different layers is +2.0um (layer GI
and layer ME). Between a layer and a non-reference layer, the misalignment is +3.0um
(ME (level 2) and PC (level 3). Such an alignment sequence ensures that misalignment
between critical layers could be kept at minimal values.

The alignment mark layer based on alignment sequence design is presented in Figure

3.16.
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Figure 3.16 Mask Alignment.

The vernier scales are used to estimate and control the misalignment in both lateral
and vertical directions in the photolithography process. The tones or polarities
definition of the masks is separated into Light Field and Dark Field. Light Field mask
tones are primarily transparent, and drawn features are opaque. Most areas in the
Dark Field mask set are opaque, and drawn features are clear opposite Light Field.
Because of the limitation of the fabrication facility in Sheffield, positive photoresists
are used during the process.

Figure 3.17 is the top-view of OG and SG PS] HFETs test structure. Device test

structures also include Conventional GaN-based HFETs, PS] and PN Diodes.
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Figure 3.17 Mask layout for test (a) OG PS] HFETs (b) SG PSJ HFETSs.

The p-type and n-type TLM group are presented in Figure 3.18. The design also

includes a few more the test structures.
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Figure 3.18 TLM structures.

The final GDS files layouts for processing at both locations are as presented in Figure

3.19, a square of 20mm*20mm.
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Figure 3.19 Final photomask layouts.
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Based on Sheffield's facility (mask aligner), to minimise the number of photomasks
and reduce costs, 6 layers are designed in the same mask set, as shown in Figure 3.20.

All the GDS layers can be modified within two photomasks for processing at Sheffield.

90 mm
GaN-UoS-N1
AM ISO ME N
Layer Alias GDS No. Mask Tone
20/mm AM Alignment Mark 0 Dark Field
GDS-0 GDS-1 GDS-2
ISO Isolation 1 Light Field
20 mm
90 mm ME Mesa Etch 2 Light Field
GDS3 cDS4 oDS5 NC N Contact 3 Dark Field
Gl Gate Isolation 4 Dark Field
NC Gl pc PC P Contact 5 Dark Field
(@)
90 mm
GaN-UoS-N2
PAS PAD GC Ve Aliz DS No 2sk Tone
20 mm PAS Passivation 6 Dark Field
GDS-6 GDs7 GDS-8 PAD Pad 7 Dark Field
20 mm
GC Gate Contact 8 Dark Field
90 mm
\' Via 9 Dark Field
GDS-9 GDS-10 GDS-11
M2 Metal 2 10 Dark Field
PE P-GaN Etch 11 Dark Field
\ M2 PE
(b)

Figure 3.20 Layouts (a) Photomask N1 (b) Photomask N2.

3.5 PSJ Device Fabrication

In device fabrication process, as shown in Table 3.3, ten main steps are discussed in

this section.
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3.5.1 Wafer Layer Spcification

A u-GaN, a u-AlGaN and a u-GaN are grown by metal-organic chemical vapour
deposition (MOCVD) on 4” Sapphire substrates and formed GaN/AlGaN/GaN
hetero-structure. The sub-u-GaN layer with 0.8um thickness is grown on a nucleation
layer by epitaxial growth. The undoped AlGaN layer is 47nm with an Al concentration
of 23%. The undoped GaN cap layer is 20nm. P-GaN cap layers are 17nm with
5x10”cm? Mg doping concentration and 3nm with 2x10%cm-, as demonstrated in

Figure 3.21.

p+GaN (17 nm Mg doped~5e19 cm3)

u-AlGaN (undoped, 47 nm, 23% Al)

Nucleation Layer

Figure 3.21 Specification of Sapphire substrate GaN PS] wafer.

3.5.2 Preparation Work
All samples are diced from the 4” wafers with dimensions of 22mmx22mm. After the
appropriate design and adjustment, 12 units can be worked out from one 4” wafer, as

shown in Figure 3.22.
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Figure 3.22 Dicing plan of Sapphire substrate GaN PSJ wafer.

The processing is performed on such diced units. The smaller units can be utilized as
test samples for each step of optimization to maximum usage of the offcut. As a
standard procedure, the first step in all device fabrication work is to guarantee an
ultra-clean surface to avoid contaminants. In Sheffield cleanroom, a regular 3-step

cleaning procedure is introduced.
3-step cleaning: The sample carefully proceeds in the following order

1. Samples should be in n-Butyl Acetate for 30s and put on the hot plate at
100 °C temperature

Then move to Acetone for 30s

Finally is Isopropyl Alcohol (IPA) for 30s

The sample should be dried through N

A T

3 steps above should be repeated until the sample is clean enough

This 3 step cleaning process is introduced throughout all fabricated processes.
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3.5.3 Devices Photolithography

Photolithography is one of the crucial procedures in microelectronics fabrication
because it governs the sample pattern and the implementation of all following steps,
such as mesa etch and metallization. Carl Suss MJB3 UV300/UV400 is the facility used

for photolithography in the fabrication process.

The first step is heating the sample on a 100°C hot plate for 1 min. This step evaporates
rudimental water or removes the remaining solvents from the 3-step sample clean
process. SPR 350 or BPRS 200 is used as the photoresist according to the process. The
sample is spun at a speed of 4000 rpm for 30 seconds to guarantee the photoresist is
uniform (When deposited the photoresist on the insulating material such as SisN4 or
SiO, the adhesion promoter like Hexamethyldisilazane (HMDS) is necessary). After
the spin process, the sample should be moved to a hot plate and heat for 1min to
reinforce the stability of the photoresist. The following step is to load the sample in
the mask aligner and expose it at an appropriate time. It is essential to adjust the
exposure time according to the status of the equipment, layers thickness on the sample,
surface geography, and an interface mechanism to the mask in the aligner. After the
exposure procedure, develop samples for the developer (MF26A for SPR 350/ MF26A:
H20=1:0.7 for BPRS 200) solution for 1 min. Then, samples should be moved to DI
water for 30s cleaning. It should be noted that before Hydrofluoric (HF) acid wet
etching, the additional baking step is essential for hardening the photoresist. When
patterned for metallization, an oxygen descum step is typically employed after

development before thermal evaporation.

3.5.4 Inductively Coupled Plasma (ICP) Etching

ICP etching is one of the standard dry etching methods in power semiconductor
device fabrication. Fast etch rates, clean chemistries, vertical profile (anisotropy) and
low device damage are considerable advantages for etching work. ICP etch is ideally
suited to address these sustenances effectively since it gives high-density ions to

contribute to etching rates fast while allowing separate control of ion density and



Page |77

energy, giving a low damage capability. Oxford PlasmaSystem100 is the main ICP

etching facility in the fabrication work [61].

Ar, Cl2 and SiCls are 4sccm, 15scem and 1.5sccm, respectively, according to the
instruction for etching a typical GaN layer through Oxford Plasma System 100 ICP
etch system. RF power should be adjusted based on the fabricated process and ICP
Power is the default setting (450W). In order to achieve high controllability of etching
rate, lower RF power is more appropriate for the mesa etch process. The chamber
pressure is the same as in the previous work (4mTorrs). The standard operation

procedure of ICP etch is :

> A 20mins pre-running process is necessary to eliminate the contaminative
gases or plasma caused by different settings, influencing the chamber ambience
and subsequent etch steps. Therefore, this process can not be avoid and is
strongly recommended before any etching progress.

> After a long-time etching process, the residual contaminant, coming from
metamorphic photoresist, forms on the samples, which will impact the
following steps such as the etching rate and the controlling of the etching
thickness. Hence, it is crucial to remove the contaminant through the
corresponding methods (). The carrier wafer should also be clean after an
etching process for the same reason based on the standard operation rules of

ICP etch.

Alignment mark, Device Isolation, and Gate Isolation use high-power ICP etch
because of the lower precise requirement of etching depth compared with MESA etch

process.
Alignment Mark

There are two main approaches to implementing Alignment marks, metal deposition
and etching. Due to the facility limitations, etching on the sample surface is primarily

adopted in the PSJ device fabrication process. Steps such as ISO, GI and ME are
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etching processes. The alignment mark for these steps should be etching. Layers
aligned to PC and NC need metallization alignment marks because these stages are
metal formation. The ICP etching time and rate are based on previous fabrication work
and are adjusted according to the practical test samples. After several attempts on the
test samples, the etches depth should be controlled at around 400nm. Figure 3.23
presents the top-view of the etched alignment mark through a microscope with the

etch depth at ~ 400-420nm, measured from Dektak.
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Figure 3.23 (a) Alignment mark after ICP etching process (b) Detak measured etching results.
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In the final practical samples, RF power is 75W, and the total etch time 9mins, based

on the test etching rate of 45nm/min.
Device Isolation, Gate Isolation and Mesa Etch

Isolation Etch, Gate Isolation Etch and Mesa Etch employ a two-stage etch recipe on
ICP. Low RF power etching is easy to control the rate. It also benefits the uniformity
by minimising the surface damage from a material crystal perspective. At the same
time, striking plasma with low RF power is complex. Therefore, the whole step is
separated into two stages and starts at a reasonably high RF power and reduce to low
power once the Plasma is stable in stage 2. The recipe of the standard 2-stage etch

process is:
Stage 1

> The first stage needs to set the RF Power as 40W for 10s
» The Strike Pressure is 20 mTorrs
» The ramp isused as 4 s

Stage 2

> In the second stage, the RF Power is set at 40W at the beginning 10s and then

reduced to 10W with stable Plasma.

» Usually, the uniform etching rate happens as maintained RF power between
10~20W in this step (based on the equipment and test etch rate within the same
day).

Several test samples are proceeded to optimise the isolation and mesa etch. Same with
AM step, test samples are introduced to find the suitable etching time and rate, the
etch depth should be controlled at around 65nm as precise as possible in mesa etch.
Figure 3.24(b) presents mesa etch depth is ~ 55-65nm, measured by Dektak surface

profilometry. It should be noted that the test etching rate only valid on the same day.
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p-GaN sample is with isolation etch 120nm and followed by 150nm SiN PECVD

device isolation process, Gate Isolation etch and ICP mesa etch. The isolation etch rate

is 7.0nm/min and mesa etch rate is also 7.0nm/min as shown in Figure 3.24.
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Figure 3.24 (a) Device isolation etch (b) Mesa etch.

The recipe of ICP etch (AM, ISO, GI and ME) is shown in Figure 3.25
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Figure 3.25 ICP etch recipe for different materials.

3.5.5 Plasma Enhanced Chemical Vapor Deposition (PECVD) and Dektak

PECVD is an approach generally utilized in power semiconductor device fabrication
for thin layer deposition of diverse materials. The whole deposition process is realized
through employing the reactant gases between different electrodes. One is connected
to the ground, and the other is animated with RF power. Reactant gases activate and
convert into the plasma state when capacitive coupling happens. This triggers a
chemical reaction between the gases. The result is the product of the reaction to
deposit on the substrate on the grounding electrode. Dektak is employed in tandem

with PECVD to measure the deposited film thickness.

PECVD is introduced in the fabrication process for device isolation (SisN4) and gate
isolation as well as the final dielectric deposition for passivation (SiO:). Initially,
Silicon test samples are used to optimize the deposition time, and the same is
eventually used to determine the deposited layer thickness using ellipsometry. Hence
a Silicon Test sample is run simultaneously with GaN test samples as well as device
samples. Thickness measurement is then performed on the test samples using Veeco

Dektak 150.
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Figure 3.26 PECVD growth recipe for different material.

The recipe for PECVD growth is shown in Figure 3.26.

3.5.6 Thermal Evaporation and Lift-off Process

Thermal evaporation, Edwards Coating System E306A, is the primary methodology
for metallization combined with the lift-off process, especially in III-V group
semiconductor device fabrication. Ti, Al, Ni, Au... are employed to realize the
formation of the metal electrodes. The left-off process removes the additional material
since it is hard to etch the metal. The primary steps for thermal evaporation based on

the instruction are:

1. Fire off the coil with the current level.

2. For evaporation, the coil and source metals are dipped and boiled in n-butyl
acetate for at least 1 minute to eliminate contaminants and boiling. The sample
should also be immersed in HCI:H2O with the ratio of 1:1 solution for 30s, then
moved to de-ionized water (DI water) and dry up. After this process, the clean
samples can be placed in the chamber.

3. The next stage is loading the coils, source metals, and the samples into the

evaporator chamber. The chamber should be pumped down to vacuum at least
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4 x 10° mTorr level. The amount of loading source metal is calculated before
loading into the coil as the amount is directly related to the thickness obtained.
. Slowly increase the current until the metal in the coils starts to melt. Typically,
the current when the metal begins to melt is between 20A and 40A. Ni and Ti
start to melt at about 30-40A. When the metal is Al and Au, the current is 20A.
The crystal monitor is utilised to measure and control metal deposition
thickness. Followed the calibration diagram in the cleanroom when loading the
appropriate amount of the source metal of the amount relative to consistency.

The increasing rate should be managed at 0.3-0.6nm/min (For Al and Au, the

rate is around 0.9-1.1nm/s. For Ni and Tij, the pace is around 0.2-0.4nm/s).

(a) (b)
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(0

Figure 3.27 Devices after N type metallization.

The photoresist should be at least 1.5 times the deposited metal's total thickness,
typically 2 times in order to have a better lift-off and patterning process. The whole

evaporate process is:

1. Spin the PMGL

2. Hot-bake:180°C for 7min
3. Spin resist 350

4. Hot-bake:100°C for 1min
5

. Exposure
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6. Developer(for resist 350) for 1min
7. Evaporation

8. Lift-off(EKC830) overnight

Post evaporation, the sample is left in Acetone for > 10-12 hours. The dissolution of
the photoresist achieves metal lift-off by Acetone, Resist Remover or EKC830. Source
and Drain is n-type Ohmic contact. The base electrode is p-type Ohmic and Gate is
Schottky contact. Thermal Evaporation is introduced for all these steps as well as the

second metal deposition.

3.5.7 Rapid Thermal Annealing (RTA) for Ohmic Contacts

RTA is necessary to form Ohmic contact after the thermal evaporation process in GaN-
based devices. High-temperature annealing results in low contact resistivity
intermetallic phase formation at the metal-semiconductor interface. The metal stack
employed for n-contact is Ti/Al/Ni/Au (20/100/45/55 nm). The RTA condition is 1
minute with a temperature of 800 °C in N2 ambient. Combining the research works of
Ohmic contact for p-GaN [62-67] and available facilities in Sheffield, the method of
20nm Ni followed by 200nm Au (20/200 nm) is adopted for p-contact metal. 10
minutes with a temperature of 500 °C in air ambient (80%N: + 20%0Oz) is the RTA

condition for a better p-contact in GaN.

Figure 3.28 n contact RTA with condition of 850 °C in N: for 1 min.

Ti/Al/Ni/Au (20/55/45/55 nm(crystal monitor), ideal case is 20/100/45/55 nm, The

actual thickness of the deposited metal is around 183nm(from Dektak). (The Al
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lengths is higher than the preferred value for the requirement of the thickness of 100
nm. )some peaking area is higher than 3000nm, which may significantly impact the
next step. Therefore, the disparity between the Evaporator crystal monitor and
DEKTAK profilometry readings is apparent. Transmission Line Model (TLM) test
patterns designed in fabricated samples are employed to investigate Ohmic contact
characterization and the contact resistivity [68]. The best results for n-contact
resistivity are 8.62 x 10 QQ-cm? and p-contact is 4.11 x 102 QO-cm? from TLM pattern
measurements, shown in Figure 3.34 and Figure 3.31, for the fabricated units at
Sheffield. In Powdec KK test sample, the best n-contact resistivity is 4.62 x 10 QQ-cm?

and p-contact is 1.20 x 10 Q-cm?2.
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(b)

Figure 3.29 (a) n contact TLM Patterns (b) I-V measurements.

As shown in Figure 3.30, GaN PS] samples after RTA process are performed.

Figure 3.30 p contact RTA with condition of 500 °C in Air (0220% and Nz 80%) for 10 min.

The total thickness of Ni/Au/Ti/Au=10/10/20/145 is 185nm(from the crystal monitor).
And the actual thickness is around 180 nm (from DEKTAK)

TLH=P

(a)



Page | 88

P-InGaN P-contact TLM

| / T=25°C
|7 4 Y TR

|

|

0.5

/

| | e =50pm| /|

e | =102

S
A

ot
w

o
N
N

Current [mA]
|
|
R
|
I

N---4-

|
1
- -
|

Voltage [V]

(b)

Figure 3.31 (a) TLM designs for p contact (b) I-V measurements.

3.5.8 Reactive Ion Etching (RIE)

RIE is an etching technique used for micromachining. RIE etching is a dry etching and
has different characteristics from wet etching. RIE uses chemically reactive plasma to
remove the material deposited on the wafer. An electromagnetic field generates
plasma under low pressure (vacuum). High-energy ions from the plasma attack react
with the wafer's surface. Via etching employs the RIE method after SisNa insulation

layer is deposited during Gate Isolation.

The actual GaN samples are etched after SisNs deposition at PECVD. The influence of
non-uniformities should be considered, and the corresponding solution of over-etch
for additional time is adopted. An over-etching is required to guarantee that the
insulator layer is entirely eliminated from the surface to ensure the second metal is

connected to the Source, Drain and Base first metal contacts.
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Figure 3.32 (a) RIE etch SiO2/SiN Recipe (b) Post etch surface profilometry results of Via.

3.5.9 Second Metal Layer (M2)

In order to fix the crack in the first metal and connect fingers to the pad region, a
second metal layer was deposited. Metal 2 deposition: Ti/Au(20/800 nm)(from crystal
monitor) (The crystal monitor has some issues. Thus, the value is not very accurate).
Because of the limitation of the evaporator in the cleanroom, the M2 layer is hard to
reach 2um. Hence, it is necessary to thicken the metal as much as possible in this

process.

3.5.10 Fabricated Wafers and Devices

Figure 3.34 demonstrated the fabricated large-area GaN-based PS] devices and
process control management (PCM) test structures from one of the GaN on Sapphire
samples at the end of the passivation layer deposition, which is the final step in the

process flow.
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(a) (b)

Figure 3.33 (a) Device test structures (PSJ FETs) (b) Large area PS] FET.

The subsequent section summarises measurement results and a detailed analysis of

the performance of the fabricated devices.

Figure 3.34 Fabricated p-GaN Sample.

3.6 Fabricated Devices Characterisation

This section reports the performance and electrical characterization results of the
various devices fabricated on Sapphire substrates at Sheffield and compared with

devices manufactured in Powdec KK.
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3.6.1 PS] Diode Characterisation
The characterisation of PS] diodes mainly focuses on hybrid types consisting of a
conventional lateral PSJ Schottky diode and a GaN PiN diode fabricated by Powdec

KK, as shown in Figure 3.35.
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Figure 3.35 Top view photograph of Powdec KK 8A PS]J Diodes.
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It consists of a p-type doped GaN cap layer (p-GaN) with 5x10cm* Mg-doped, a
55nm undoped GaN layer, a 40nm AlGaN layer with 27% Al composition and an
800nm u-GaN sub-layer. Anode is Schottky contact to 2DEG forming a lateral
Schottky PSJ diode and base is Ohmic contact to 2DHG forming a PiN diode.

Hybrid PSJ Diode IV, Hybrid PSJ Diode BV
30.0 am
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Figure 3.36 Measured 8A Hybrid PSJ Diodes (Lrsj=20um) characteristics of (a) Inc-Vac with
different temperature (b) reversed Ica-Vea.

The 8A hybrid PSJ diode measured I.-Vi characteristics under different temperature
conditions and device blocking capability is shown in Figure 3.36(a) and (b),
respectively. With the increase of temperature, the current reduces in measurement as
expected. A typical PS] diode with 20pum can support more than 2200V, and the critical

electric field can reach 1.1MV/cm as predicted in the previous simulation.
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Figure 3.37 Small-signal capacitance measured at 250 kHz for a Hybrid PS] Diode (Lrs=20um).

Small-signal Capacitance Voltage (CV) measurements at 250 kHz are performed on a
hybrid PSJ diode, as presented in Figure 3.37. With Vca voltage swept from 0V-10V
and 10V-0V. A hysteresis-like behaviour is primarily observed at the anode of the
Schottky contact region due to crystallographic defects extending from the GaN layer
to the Ni/AlGaN interface [69].

3.6.2 PS] HFET Characterisation

Figure 3.38 shows the top-view and cross-section of the Powdec KK OG PS] HFET.
AlGaN thickness in PS] HFETs is set as 40 nm in the PSJ region and as 20 nm in the
remaining access region between the source and drain electrodes. Al mole fraction in

the AlGaN layer is fixed as 27% in both structures.
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Figure 3.38 Practical Ohmic Gate PS] HFETs of (a) top-view (b) cross section.

Figure 3.39 shows the measured output [s-Va characteristics of the OG PS] HFETs. With

the increase of Lrsj, Ron sp) increases, which corresponds with the simulation results.
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Figure 3.39 Measured output Is-Va characteristics (a) with different gate voltage (b) with

different Lrsy at V= 0V.
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Measured output [s-V; characteristics of the OG PS] HFETs are demonstrated in Figure
3.40 (a) and measured temperature-dependent output -V characteristics of the OG
PS] HFETSs are shown in Figure 3.40(b). As shown in the simulation results previously,
the threshold voltage of OG PS] HFETs is around -5V. With the increase of
temperature, Ron, s also increase, similar to the simulation results since the scattering

rate is higher when the temperature is higher.
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Figure 3.40 Measured output (a) Is-V; characteristics of Ohmic Gate PS] HFETs (b) temperature
dependent output I:-Va characteristics of Ohmic Gate PS] HFETSs at V= 0V.

Measured off-state Is+-Vu characteristics of the OG PS] HFETs are demonstrated in

Figure 3.41. It proves that 15um Lrs can sufficiently support more than 1500V.
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Figure 3.41 Measured off-state I+-Va characteristics of Ohmic Gate PS] HFETs at Ve=-15V.
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Figure 3.42 Fabricated Schottky Gate PS] HFETs of (a) microscopical view (b) cross-section of

SG PSJ HFET.

Figure 3.42 shows the microscopical view and cross-section of the Sheffield fabricated

SG PSJ HFET. AlGaN thickness in PS] HFETs is set as 47 nm in the PS] region and 22
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nm in the remaining access region between the source and drain electrodes. Al mole

fraction in the AlGaN layer is fixed as 23% in both structures.

Figure 3.43 shows the measured output Is-Va characteristics of the SG PS] HFET.
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Figure 3.43 Measured output Is-Va characteristics (a) with different gate voltage (b) with
different Lprs; at V= 0V.

Measured output I:i-Vy characteristics of the SG PS] HFETs are demonstrated in Figure

3.44 (a) and measured temperature-dependent output I:-Vi characteristics of the SG

PS] HFETs are shown in Figure 3.44(b). All the results are consistent with previously

simulated results. The threshold voltage is -3V, which is higher than OG PS] HFETs

and proves the controllability of SG type gate is better than OG structure.
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Figure 3.44 Measured output (a) I+-V; characteristics of Schottky Gate PS] HFETs (b)
temperature dependent output Is-Va characteristics of Schottky Gate PS] HFETs at Vg=0V.

Measured off-state I+-Va characteristics of the SG PS] HFETs are demonstrated in

Figure 3.45.
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Figure 3.45 Measured off-state I+-Vu characteristics of Schottky Gate PS] HFETSs at Vg=-15V.
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The type of gate does not influence device blocking capability. The next chapter will
discuss the detailed analysis of measured results and compare experimental results

with analytical and numerical models.

3.7 Summary

This chapter shows the fabrication and measured performance of high voltage
Polarization Superjunction (PS]) GaN-based OG and SG PS] HFET on Sapphire
substrates. The detailed fabrication process is introduced. Electrical characterization
from the experiment of forwarding characteristics, reverse characteristics, and
detailed Capacitance Voltage (CV) measurements have been performed and discussed.
Fabricated OG and PS] HFETs with the PSJ region length of 20 um present low on-set
voltage and high reverse blocking voltage (Vs) of ~ 2200V and R (n, s» can be reduced
to 10m€)-cm?. Relative low R s, sp shows the potential of PS] devices and the simulated

and measured results contribution to build the analytical models in next chapter.
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Chapter 4 ANALYTICAL MODELING OF SHEET CARRIER

DENSITY AND ON-RESISTANCE IN PSJ HFET'S

The previous chapter delivered the performance of PSJ devices fabricated and
measured. In this chapter, a detailed analysis on the on-state behaviour of the
fabricated Ohmic Gate (OG) and Schottky Gate (5G) PS] HFETs is presented (OG PSJ
HFETs are fabricated from Powdec and SG PS] HFETs are fabricated in Sheffield).
Theoretical models for calculating the sheet densities of 2DEG and 2DHG are
proposed and calibrated with numerical simulations and experimental results. To
calculate the R «n, s» of PS] HFETs, two different gate structures (Ohmic gate and

Schottky gate) are considered herein.

4.1 Introduction

The trade-off between the R «n, s» and the breakdown voltage has been hindered in
GaN HFETs. To overcome this, PSJ technology was proposed and has been applied
on GaN HEMTs [45, 50]. The PSJ concept is based on the polarization property of III-
V group nitride compound semiconductors to realize co-existence of high-density
2DEG and 2DHG at the hetero-interfaces to realize charge balance [50]. The basic
structure of the PS] HFET, as shown in Figure 4.1, arises from GaN/AlGaN/GaN
double heterostructure which employs an inherent charge balance in the PSJ region.
It can potentially break the one-dimensional material trade-off between the area-
specific on-resistance (R «n, s») and the breakdown voltage of conventional GaN
technology [70]. This is because the electric field of the PSJ-HFETs feature a
rectangular shape in comparison to the triangular shape of the electric field
distribution of conventional GaN FETs. Therefore, the breakdown voltage is purely
determined by the PSJ length (Lrs)) [45]. In addition, the Lrs is also key for the on-state

behavior [46]. To optimize the on-state performance of PS] HFET, particularly



Page | 102

reducing the R o s), the theoretical analysis of the 2DEG and 2DHG models is

necessary.

Lpgy

Sapphire

L

Figure 4.1 Schematic cross-section and simplified electric field distribution of the Ohmic Gate
(OG) PS] HFET.

Electric Field

In this chapter, new analytical models are introduced to investigate the R (o, s of PS]
HFETs. Analytical models are calibrated with both simulated modes and

experimental data to achieve accuracy.

4.2 Methodology

The first step toward building analytical models is to calibrate the sheet density of

2DEG and 2DHG with the numerical simulation and experimental data [47, 48].

4.2.1 Models for 2DEG and 2DHG

In the analytical model, the structure used to calculate 2DEG and 2DHG sheet density
is based on practical PS] devices and reported samples [47, 48]. As shown in Figure
4.2, it consists of a p-type doped GaN cap layer (p-GaN) with Mg-doped, an undoped
GaN layer (u-GaN-2), an AlGaN layer and a u-GaN sub-layer (u-GaN-1). It was

previously reported that 2DHG sheet density increased with the p-cap GaN layer
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thickness. However, when p-GaN layer thickness is beyond 20nm, the influence of p-
GaN layer thickness on 2DHG density becomes marginal [47]. Therefore, in the

calibration process, each layer thickness is consistent with fabricated PS] samples.

Figure 4.2 Band diagram of p-GaN/u-GaN-2/AlGaN/u-GaN-1 heterostructure.

As shown in Figure 4.2, to obtain expressions for sheet densities of 2DEG and 2DHG,
the equation set (4.1)-(4.3) are built according to Gauss’ law (the relationship between
the electric field (e¢) and the charge distribution in a closed surface (0): ee= o) at the
interface of p-GaN/u-GaN-2, the electric field (D) is (ep-GaNx ep-GaN- eGaN2x
€¢GaN1) and the charge distribution in a closed surface (e¢) is op-can, therefore equation
(4.1) can be derived from Gauss’ law, equation (4.2) and (4.3) is corresponding to the

interface of u-GaN-2/AlGaN and AlGaN/u-GaN-1 [71, 72].

€p—canEp—can — €canz€canz = Op—Gan 4.1)

€can2€canz T €aican€aican = OalGan — € " Ds (4.2)

€can1€can1 T €aican€aican = Oalgan — € " N (4.3)
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In the equation set ((4.1)-(4.3)) shown above, €y-ciN, €canz, €aicany and ecant are dielectric
constants of p-GaN cap layer, u-GaN-2 layer, AlGaN layer and u-GaN-1 layer,
respectively. ¢pcan, €canz, €acay and ecani stand for the electric fields in the
corresponding layers. oy-cav and oaicav are the surface sheet charge of p-GaN layer and
AlGaN layer. ns and ps represent the sheet carrier density of 2DEG and 2DHG. As
shown in Figure 4.2, considering the relationship in the band structure and band
bending in the AlGaN region (yellow region), both electron and hole quantum wells

(An and Ap) are satisfied the expression shown in (4.4) and can be simplified to (4.5).

1
taican€aican = 3 (Eg, aigan + Ap + 4n — AEy, — AE) (4.4)

1
taican€aigan = o (Eg + 4p + 4An) (4.5)

Where tacav is the thickness of the AlGaN layer, Ec, aicav and Ec are the bandgap of
AlGaN and GaN layer, respectively. AEv and AEc are valence band and conduction
band offsets between AlGaN layer and GaN layer [73].

To obtain expressions for nsand ps, it is necessary to further deduce equations from the
band diagram shown in Figure 4.2. With respect to the valance band potential from
the right side to the left as shown in Figure 4.2, one can derive the expression for the
potential of the 2DHG quantum well as shown in (4.6). In a similar way, the expression

of the 2DEG quantum well can be represented in (4.7) from the conduction band.

bp, p—Gan Ap
- % + tp_gan€p—can T tean2€canz = - (4.6)
bn, Gani An
B — tean1Ecant = T (4.7)

e
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Where tpc, tean: and feani stand for p-GaN, u-GaN-2 and u-GaN-1 layer thickness,
respectively. ¢, p-cav is the valance band barrier height of p-GaN cap and ¢u, cani is the
conduction band barrier height of u-GaN-1 sub-layer. The following step is to
substitute relations of Cp-can= €p-can /tp-can, Caican= €aican /taican and Ceani= €cant /tcant iNto

(4.6) and (4.7) and then revise equations to (4.8) and (4.9).

ép, p-GaN |, C —eps , Op—Gan C
_ ¥p, p-Ga + AlGaN s 4 p—GaN A;GCaNX(EG+Ap+

e ¢ Cp-Gan (4.8)
An) = =
e
®n, GaN1 __ 0AlGaN—€Ts + CaAlGaN X (E + Ap + An) = _A_n (4 9)
e CGan1 eCgan1 G e )

Where Cp-can, Caicav and Ceant are the unit area capacitance of p-GaN, AlGaN and u-

GaN-1 layer. C stands for the total unit area capacitance of p-GaN and u-GaN-2 layer.

me

ns =3 An (4.10)
Mmp
Ps = —54p (4.11)

According to the relationship between 2DEG sheet charge density and 2DEG quantum
well, another approximate expression of 2DEG sheet density, as in (4.10), can be built
into the model which can then be used to obtain 7. In a similar way, an expression for

ps can also be derived as shown in (4.11) [72, 74].

b, o [ C E C h?
p, p—GaN AlGaN p—GaN AlGaN =G AlGaN
ng = [(_ + =+ — < ( 4 _)

e ¢ Cp—Gan eC eCgaN1  Mh
2 2
Calgay ™" 7h e\ (Pn, Gavi  9mGan |, CaicanEc CalGaN
(— e - + /| (2
eC my emy C e CGaN1 eCeant eC

2 2 2 2 2 2
mh Cplgany TH CpiGan TH mh e Caigan TH mh
—)(—“-— - (== =+t —+-) (= —+—+

me eCean1t My eC my emy C eCean1t  Me em,

CGant

(4.12)
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2
mh ) (¢n, GaN1  OAlGaN

me e CGant

eC

ps = (CAlGaN . n CAtGaNEG) +(= Pp, p—Gan n
s eCgan1 e

2 2
OAlGaN | Op=GaN CAlGaNEG) (CAlGaN _mh” n h b= )] / [(CAIGaN .
C Cp_ eC eC m em C eC
p—GaN GaN1 e e GaN1
(4.13)
7'L'l=l2 7'L'I"l2 e CAlGaN 7'1.1;12 7'1.1;12 e CAlGaN ﬂhz CAlGaN
— + — + -— —a — + — —y — —
mp  emp €/ \eCgany me  emg  Cgani eC me eCGaNt

2
)
Consequently, nsand ps expressions as presented in (4.12) and (4.13) can be derived by
simultaneous (4.1) -(4.13). After substituting parameters in Table 2.1 and Table 4.1 into
(4.12) and (4.13) and calculating, it can be found that the order of magnitude of some
terms are much smaller than others (e/Cacan>>1th?/e-me, e/C>> Caican/e Cacant: th?/me, ).
These can be neglected during the simplification. Therefore, ns and ps expressions in
the analytical model can be finally simplified to (4.14) and (4.15), respectively. Table
2.1 and Table 4.1 show related parameters and equations used in the calculation. For
instance, oacav is the sum of spontaneous polarisation charge (Ps) and piezoelectric

polarization charge (Py:), which can be calculated from Table 4.1.

_ %4lGaN ®n, can1* Ceant _ CaiganEg

s=—, > 2 (4.14)
_ OaGan | Op-Gan * C _ ®p, p—Gan " C _ CaiganEg (4.15)
s e eCyp_gan e? e? '
Symbol Unit Value
my kg 9.11 x 10731
Me(AlyGay—_xN) (0.314x + 0.2(1 — x))my
My (A1, Ga,_xN) (0.417x + 1.0(1 — x))m,
h J-s 1.05 x 10734

Table 4.1 Parameters and equations used for calculation
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Mg dopants do not influence the calculation of 2DEG and 2DHG [47, 48]. This is
because 30nm of p-type doped GaN cap layer (p-GaN) with 5x10cm* Mg doping
concentration can only serve approximate 1.5x10°%cm positive sheet charge density
when Mg active percentage is 1% [48]. Compared with both calculated and
experimental results of nearly 10"*cm? 2DHG sheet density, the contribution from p-

GaN layer is negligible.

In the numerical simulation model, physics-based solutions for the sheet density of

2DEG and 2DHG are achieved in Silvaco by using models shown in Table 3.1

The models used in the simulation are based on default parameters. To
simultaneously calibrate with PS] HFET measurement results, parameters such as the
thickness of PS] layers and Al mole fraction are set as the same as those of fabricated

PSJ devices.

2.0E+13

P, Reported data)

N, Reported data)

P, Calculated)

N, Calculated)

{ P, Reported Measured Results

A A A A

1.5E+13 -

1.0E+13

5.0E+12 +

Sheet Charge Density (cm?)

0.0 E+0 = T T T T T T T T
0 20 40 60 80 100

AlGaN Thickness (nm)

Figure 4.3 Reported results vs. calculated results of Ns and Ps as AlGaN thickness varies from 0
to 100nm. The solid black line is the reported Ps and the solid blue line is the reported Ns. The
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dashed black and blue lines stand for the calculated Ps and Ns respectively. Red rthombuses are
reported measured results and green stars are calculated results [71, 72].

2.0E+13

—%=— P, Calculation
—r= P, Simulation
—o— N_ Calculation
1.5E+13 4+ —0— N_ Simulation
» P, Reported
> N, Reported

Sheet Charge Density (cm?)

1.0E+13 -
5.0E+12 4
0.0E+0 ' . T T T T
0.0 0.1 0.2 0.3 0.4

Al Mole Fraction

0.5

Figure 4.4 Calculated and simulated predictions of Ns and Ps as Al mole fraction alters from 9%
to 40% in the heterostructure [71, 72].

Figure 4.3 compares the calculated prediction of Ns and Ps with reported measurement

results at different AlIGaN layer thicknesses. Parameters applied in analytical models,

such as tp-can, tcanz, taican and tean: listed in Table 4.2, are adjusted to fit measured results

(red rhombus) in the reference [47, 48]. The calculated results are close to the

measurement results. Both Ns and Ps increase with the increase of the AlGaN layer

thickness. Figure 4.4 shows the comparison of calculated prediction with the

simulated prediction of Ns and Ps versus Al mole fraction. It can be found that both

identical calculated and simulated results of Ns and Ps increase as Al mole fraction

increases. Verified results are applied to both the analytical model and the simulated

model in the following analysis of R (on, sp.

Sample Layer Thickness (nm) Reported | Calculated
p P
(Al 23%) s o
tp—can | tganz taican | teani (10130m_2) (1013cm_2)
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1 30 20 10 | 1500 0.05 0.00
2 30 20 20 | 1500 0.20 0.38
3 30 60 47 | 1500 1.00 0.87
4 30 20 48 | 1500 0.87 0.87
5 20 20 49 | 1500 0.86 0.87

Table 4.2 Data of layer structures

4.2.2 The Analytical Model for R o, sp» of the OG PS] HFET

Figure 4.5 shows the schematic cross-section of the Ohmic Gate (OG) PS] HFET [70].
The gate terminal is an ohmic contact formed on the p-GaN cap layer. At the gate
region, the OG PS] HFET consists of a 60nm p-type doped GaN cap layer with
5x10”cm?® Mg dopants, a 65nm undoped GaN layer, a 40nm AlGaN layer and a 1um
u-GaN sub-layer. In the PSJ region, it consists of a 65nm undoped GaN layer, a 40nm
AlGaN layer and a 1um u-GaN sub-layer. To calculate R n,s» of OG PS] HFET by the
analytical model, based on the current flow direction along the dashed line under the
on-state condition, it can be divided into four different regions (PS]J region, channel
region, gap region and contact region) according to the differences in the sheet carrier
densities and mobilities of 2DEG and 2DHG, as shown in Figure 4.5. Therefore, the
total specific on-state resistance (RsA) can be considered as the sum of the PS] region
resistance (Rrs)), the channel region resistance (Ra:) and the gap region resistance (Rg)
multiplies device area (A) and then plus the contact resistivity (pens and penp) as shown
in (4.16), assuming that device width is constant and applicable equally to all these
parameters. Gap regions consist of the area between source and gate and the space
between PSJ region and drain, as shown in Figure 4.5. In PS] HFET analytical models,
to improve the fitting results, R; cannot be ignored and need to be calculated

separately.
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p-GaN~60nm

|
PconD

u-AlGaN (AlI~27%) ~40nm

Buffer

Sapphire Sub.

Figure 4.5 Schematic cross-section and simplified electric field distribution of the OG PSJ HFET.

RonA = (RP.S‘] + Rep + Rg) X A+ peons + Pconn (4.16)

The expression of Rrsj can be derived in (4.17), where g is the electron charge and pzpec
is the mobility of 2DEG in the PSJ region. nzpec is the concentration of 2DEG. When
integrate n2pec vertically by the height of 2DEG (H), the result is 2DEG sheet density
(020EG). 020k is calculated by the same method demonstrated in previous work. W
stands for the width of the device ( W and H are common expression in power
semiconductor device) which is perpendicular to the 2D cross-section, cannot shown

in the figure.

_ 1 Lpsy Lpsy _
Rpg; = X = =
qnapecMz2pEc HXW  quapec(MapegXH)W
(4.17)
Lpsy
qU2DEGO2DEGW

In the gap region, the derivation of the PSJ region is repeated and the expression for
Rgis derived from (4.18), where o2pec2 and 22 are the sheet density and mobility of
2DEG in gap regions. L; represents the total length of the gap region and is 7um in OG
PS] HFET. 2DEG sheet density and mobility in gap regions (AlGaN/GaN) are different
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with those in the PSJ region (p-GaN/GaN/AlGaN/GAN). Therefore, both o2pec2 and

uzpec2 are calculated again.

R, = . (4.18)

qU2DEG202DEG2W

Considering that the OG PSJ] HFET is an ohmic gate normally-on device and usually
V=0V is applied on the gate, the expression for Ra in the PS] HFET is demonstrated
in (4.19), where L« is 5um and represents the channel length and ue is the carrier

mobility in the channel. oa: is the sheet charge density of 2DEG in the channel.

Ry = —& (4.19)

AUchochW

Peons and peonp stand for the contact resistivity of the source and the drain electrode,
respectively, which measured and calculated by transmission line method (TLM) as

shown in (4.20).

Pcons = Peonp = ReLeW =2.31xX 1072 mQ -

(4.20)
cm? (TLM Testing)

(4.16) -(4.20) are analytical models for analyzing and calibrating R «n,s» with simulated
and measured results. In analytical models, considering the impact from traps, the
sheet density (o20rc) and the mobility (u2pec) of 2DEG need to be adjusted with the
experimental data to increase the accuracy. owec and pwoec both reduce after
calibrating with experimental results since partial carriers (electrons), which have
gained high kinetic energy after being accelerated by the electric field, are captured by
traps. The calculated I:-Vi characteristics based on analytical models are demonstrated

in Figure 4.6.

2
Iy = U2pEGW  €aiGaN [(Vq _ Vth)Vd _ V% (4.21)

(LentLpsy) taigan

Combined analytical models with (4.21) [75], the calculated I:-Va characteristics based

on analytical models are demonstrated in Figure 4.6. It should be addressed that these
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analytical models are mainly applicable to the linear region R wn, s analysis in PS]

HFETs.

Drain Current (mA/mm)

TEG_FET 13-V, (V,=0V)

150.0
Calculation Simulation Measurement
- LPSJ: 51.1m - Lpsj= Spm -‘.Lpsj= sl-’-m
1-® L= 10um -O-L, = 10um
-k L= 15pum %-L = 15pm -%-L, = 15um
100.0.| @ = 20um -O-Lyy= 20um /’a

Drain Voltage (V)

Figure 4.6 Calculated, Simulated and Measured Is-Va output characteristics of OG PS] HFETs at

Ve=0V.
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4.2.3 The Analytical Model for R o, sp of the SG PS] HFET

Lpg;

p-GaN~20nm

k
u-AlGaN (AI~23%) ~47nm

Buffer
Sapphire Sub.

Sapphire Sub.

: 3
]
M

(a) (b)

| D

ow
o

Figure 4.7 Schematics and circuit model of device cross-section for calculating R (n sp (a) Ohmic
Gate PS] HFET (b) Schottky Gate PS] HFET.

As shown in Figure 4.7, there are two types of PS] HFET, the OG PSJ] HFET [70] and
the SG PS] HFET [50]. In OG PS] HFET, the gate terminal is an ohmic contact formed
on the p-GaN cap layer. In SG PS] HFET, gate terminal is a Schottky contact formed
on the AlGaN layer. It has an Ohmic base terminal, which is connected to the source
terminal internally to form a three-terminal device [46]. The equivalent circuit models
are also shown in Figure 4.7. As demonstrated in Figure 4.7(b), the SG PS] HFET can
also be divided into 4 different regions (PS] region, channel region, gap region and
contact region) according to the differences in the sheet carrier densities and mobilities
of 2DEG and 2DHG. Therefore, the total specific on-state resistance (Ro:A) can be also
considered as the sum of the PSJ region resistance (Rrsj), the channel region resistance
(Rer) and the gap region resistance (R;) multiply device area (A) and then plus the
contact resistivity (pecns and penp) as shown in (4.16), assuming that device width is

constant and applicable equally to all these parameters. As presented in Figure 4.7(b),
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the SG PS] HFET consist of a 20nm p-type doped GaN cap layer with similar 5x10*cm-
3 Mg doped, a 20nm undoped GaN layer, a 47nm AlGaN layer and a 1um u-GaN sub

layer. Methods of calculating Ro:A are similar to OG PS] HFETs.
RonA = (Rpsj + Rpase + Ren + Rg) X A+ pcons + Pcond (4.22)

To calculate R «n, s» of SG PS] HFET by the analytical model, based on the current flow
direction along the dashed line under the on-state condition, it can be divided into five
different regions (PSJ region, channel region, base region gap region and contact
region) according to the differences in the sheet carrier densities and mobilities of
2DEG and 2DHG, as shown in Figure 4.7. Therefore, the total specific on-state
resistance (Ro:A) can be considered as the sum of the PSJ region resistance (Rrs)), the
channel region resistance (Ra), the base region resistance and the gap region resistance
(Rg) multiplies device area (A) and then plus the contact resistivity (pcns and peonn) as
shown in (4.22), assuming that device width is constant and applicable equally to all
these parameters. Except base region, all the others are the same with OG PSJ HFET.
The base region mobility need to be measured, separately.

Rpase = Lbase (4.23)

AUpaseFbaseW

The expression for Rus in the PS] HFET is demonstrated in (4.23), where Lus is Sum
and represents the base length and puws is the carrier mobility in the base. ows is the

sheet charge density of 2DEG in the base.

4.2.4 Simulated Model for R (o, sp)

The R ©n, sp of the simulated models is calculated from the simulated I+Vi curves.
Models and parameters are consistent with those previously mentioned 2DEG and
2DHG sheet density simulations. Figure 4.6 presents simulated Is-Va curves of OG PSJ
HFETs. The cross-section of the device is shown in Figure 4.5. The length of PSJ (Lrs)

varies from 5um to 20pum. V=0V is applied on the gate as well as the source. In Figure
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4.6, at the point V=1V in the linear region, data is selected to obtain the simulated R «n,

sp. It is obvious that R «n, sp) increases Lrs; with increases.

4.3 Measurement of OG PS] HFETs and SG PS] HFETs

The measured s~V curves of the fabricated OG PS] HFETs are demonstrated in Figure
4.6. The width of OG PSJ] HFET samples is Imm. Similarly, measured results of R (n, s
are obtained at the point of Vi=1V. It can be found from Figure 4.6 that the drain
current reduces when Lrs; is shifted from 5um to 20pum at Ve=0V and Vs=1V. As can be
seen in Figure 4.6, the measured and simulated results show a divergence compared
with the calculated results. This is caused by the self-heating effect, which is not
accounted for. Therefore, the analytical model is mainly applicable to low voltage R

s analysis.

250
—®— 0G PSJ HFET Measurement
3 —p— SG PSJ HFET Measurement
£
< 200 -
E
c
g
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o
c
©
2 100-
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E \_’\’
2
@ 50 -
n
0 T 1 v I v I T I T
0 5 10 15 20 25

Lpsy (nm)
Figure 4.8 Measured Saturation current comparison of OG PSJ HFET and SG PS] HFET.
The saturation current reduces as the Lrs; gets longer as shown in Figure 4.8. As

demonstrated in circuit models in Figure 4.7(b), under high drain bias conditions

(saturation region), when the base is connected to the ground, the n-region formed by
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2DEG is biased at a high potential, which form the reverse bias of a PN junction.
Electrons get depleted in the PS] region, which causes potential to drop along the PS]
region in the on-state. The magnitude of SG PS] HFET pinch-off at the drain-side edge
of the gate is less than observed in OG PS] HFET [41, 46]. Hence the saturation current
of the OG PS] HFET is higher than that of the SG PS] HFET.

100 10 . : . : r
o —— PSJ (floating base) Vps =10V
— L, =5
T 1 psy=OHM 'é'- —— PSJ (grounded base)
£102] — «Lpg,=10um £ 14
> <
=104 — - Less=20pm = 01
o o
— 1 =
= S 0.01
O 10° O 7
% 1 £
= 10°; & 0.001 4
(=]
ool " T T ; : 1E-4 . . . T .
10 3 A 4 B o 2 4 3 2 B 0 1 2
Gate Voltage [V] Vs (V)

(a) (b)

Figure 4.9 Measured characteristics of Is-Vg at Vi=10V when shifting Lrs; from 5um to 20um (a)
OG PSJ HFETs (b) SG PS] HFETs.

Figure 4.9(a) and (b) are the Is-V; characteristics of OG PS] HFETs and SG PS] HFETs,

respectively.
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Figure 4.10 BV measurement output characteristics of OG PS] HFETs and SG PS] HFETs when
shifting Lrsj from 5um to 20um at Ve=-15V.

Figure 4.10 presents that the breakdown voltage of PS] HFETs shows a linear increase
with respect to the Lrs and an average breakdown field strength between 1~1.5MV/cm.
Compared with the previous work [50], the average BV electric field strength is
increased because of the improvement in the quality of the materials and further

optimizing the charge balance in the PSJ region.
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Figure 4.11 Temperature dependent measured characteristics of Is-Va at Vg= 0V when Lrs=15um
(a) OG PS] HFETs (b) SG PS] HFETSs.

Figure 4.11 demonstrates the reduction of both the OG and SG PS] HFETs drain
saturation current with increasing temperature. As the concentration of 2DEG is
almost independent of the temperature variation, the decrease in current can be
largely attributed to reduction in 2DEG mobility, increased contact resistance between

device metal contact and increased phonon related scattering [51].
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Figure 4.12 Temperature dependence of measured contact resistivity (p.) from TLM test Sample
in TEG_FET.

The temperature dependent contact resistance (peors and peonn) from TLM test structure
in test element group FET (TEG_FET) shows a reducing trend with the temperature
increase as shown in Figure 4.12. The magnitude of pcos and peono from TLM measured
results are much less than R o, s, hence the impact to R (n, sp from peons and peonp is
negligible. This rules out the influence of the contact resistance in the current
reduction with the temperature increase, as shown in Figure 4.11. Therefore As the
concentration of 2DEG is almost independent of the temperature variation, the
decrease in current can be attributed mainly to a reduction in 2DEG mobility,
increased contact resistance between device metal contact and increased phonon-

related scattering.

4.4 Results and Analysis

4.4.1 Results of OG PS] HFETs
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Figure 4.13 Calculated, simulated, and measured R o sp of OG PS] HFETs at room temperatures
when V,=0V.
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For accurate calibration of results, identical V=0V is applied in both analytical
modelling and numerical modelling as well as in the measurements. As presented in
Figure 4.13, both analytical and simulated R wn, s»p of OG PS] HFETs are fitted with
experimental results when altering PSJ length Lrs; from 5pum to 20um. Whether by
calculation, simulation, or measurement, R ©n, s» shows an upward linear trend with
the increase in Lrs. As shown in the figure, relatively accurate analytical and
numerical models for predicting the R,y of PS] HFET are proposed and
demonstrated. It clearly shows that both calculated and simulated results are fitted
well with the experimental data of practical PS] HFETs. The accurate analytical and
simulated models can be used to understand the mechanism of PS] HFETs. It can also
be applied on effectively and precisely predicting the performance of PSJ device.
Moreover, comprehensive analysis results establish a perfect foundation to further
optimize and improve PSJ device architectures. The promising work promotes the
development of PSJ technology to satisfy the requirement of stability and security
power circuits and shows potential to break the theoretical limit of power

semiconductor device in the future.

. Component Ratio (%) R,, Pcons R,,A

PSJ
+ pconD
2) (mQ
(um) . (mQ )
Rps) R, R, | (100%) | oty | ™)

5 294 41.2 294 15.8 0.046 2.68

10 45.5 31.5 22.7 204 0.046 4.49

15 55.6 25.9 18.5 25.1 0.046 6.77

20 62.5 21.9 15.6 29.7 0.046 9.50

Table 4.3 Each component ratio to the total Ron in analytical model

Structures.
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Table 4.3 shows each Ro» component ratio to the total Ro. It should be addressed that
the length of each region, which is related to the device area (A), is also an essential
factor to RomA. Summarizing the partly statistic R «n, s data and differences between
calculated and simulated results on measurement data, it should be noted that both
the sheet density and mobility of 2DEG are adjusted in calculated and simulated
models in order to improve the fitting with experiment results. All differences in
Figure 4.13 can be attributed to the fabrication misalignment between different
processes, the random measurement error and the assumption that 2DEG mobility
from each region in analytical models is constant. However, in the simulation and
practical OG PS] HFETs, the carrier mobility of 2DEG depends on different elements,

such as the concentration and electric field distribution.
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Figure 4.14 Temperature dependence of OG PS] HFET calculated and measured R o, s fitting
results at V=0V.

Calculated and measured OG PS] HFET R o, s with variation in temperature from 300
to 400 K are presented in Figure 4.14. Both calculated and measured R (o, s results

show increasing trend with the temperature increase. As the concentration of 2DEG is
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almost independent of the temperature variation, the increase in R o, » can be largely
attributed to the reduction in 2DEG mobility according to (5.16) -(5.19) and increased
phonon related scattering [46, 51]. The one major difference is presented at Lrs) =20pum
of 400K in calculation. With the increase of the temperature and Lrsj, the impact from

the constant carrier mobility assumption in the calculation become more significant.

4.4.2 Compared Results of SG PS] HFETs
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Figure 4.15 Calculated, simulated, and measured R e, sp of OG and SG PS] HFETSs at room
temperatures when Vg=0V.

The compared results of OG and SG PS] HFETs are demonstrated in Figure 4.15,
identical V=0V is applied in both analytical modelling and numerical modelling as
well as in the measurements. As presented in the figure, both analytical and simulated
R on, sp of PS] HFETS are fitted with experimental results when altering PSJ length Lrs;
from 5um to 20pm. Whether by calculation, simulation, or measurement, R (o, sy shows

an upward linear trend with the increase in Lrs;.

Although calculated and simulated models have limitations from the constant

assumption, reasonably accurate calculated and simulated results of R s can still be
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obtained from these models. The analytical and numerical models provide insight into
the conduction mechanisms in PS] HFETs and contribute to optimising designs to

reduce R on, sp).

4.5 Summary

In this chapter, accurate analytical models for predicting the R o, s» of PS] HFETSs are
presented. It clearly shows that calculated results fit with both the simulation and the
experimental data of practical PS] HFETs. Precise physics-based PS] HFET models in
this chapter remain valid at different temperatures. The accurate analytical models
can promote an understanding of the mechanism of PS] HFETs. They can also
effectively assist in predicting the performance of PS] devices precisely. Moreover,
comprehensive analysis results establish a solid foundation to further optimize and
improve PS] device architectures. Based on these models and analysis results,
developing the PSJ concept to the multi-channel PSJ technology level shows a feasible
way to break the theoretical limit of power semiconductor devices, which will be

presented in the following chapters.
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Chapter 5 LATERAL MULTI-CHANNEL PSJ TECHNOLOGY

Detailed theoretical analysis of area-specific on-state resistance (R wn s») of lateral
multi-channel polarisation super-junction (PSJ) technologies at room temperature is
presented in this chapter. Similar to Chapter 4, analytical models have been used to
calculate the theoretical limit R o, s» of PSJ devices and calibrate with numerical
simulations. Moreover, calculated and simulated results of lateral multi-channel PSJ
devices based on practical implementation are also analysed. In addition, the impact
of Al composition and AlGaN thicknesses are investigated. Presented results show
that lateral multi-channel PSJ technologies can be well suited to break the unipolar
one-dimensional material limits of GaN by orders of magnitude and achieve a
remarkable trade-off between R @, s and voltage blocking capability provided

composition and thickness control can be realised.

5.1 Introduction

The trade-off between the area-specific on-state resistance (R o, ) and the breakdown
voltage has been hindered in GaN HFETs. Polarization Super Junction (PSJ) concept
was introduced and proved can solve the issue in previous chapters. As shown in
Figure 5.1(a), the basic PSJ structure, which arises from GaN/AlGaN/GaN double-
heterostructure employs an inherent charge balance between high-density two-
dimensional electron gas (2DEG) and two-dimensional hole gas (2DHG) at the
respective hetero-interfaces [50]. It can potentially break the one-dimensional trade-
off between the R on, s and the breakdown voltage of conventional GaN technology
[70]. This is because of the rectangular electric field of the PSJ-HFETs under blocking
conditions. In a typical Super Junction (S]) device, the n-pillar and p-pillar can be
repeated to increase the current capability of the device. Therefore, similarly, the PS]
concept can also be extended to the multi-channel PS] concept vertically to increase
the current capability and reduce the R on 5. It is also possible to construct and analyse

vertical, nano column type PSJ structures [76, 77].
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Figure 5.1 Schematic cross section and simplified electric field distribution of (a) Lateral PS]J
structure and (b) Lateral multi-channel PSJ Structure.

Until now, the lateral multi-channel PS] concept, as shown in Figure 5.1(b), has not

been reported, where the number of stacks is grown vertically. It is different from

natural super-junction (NSJ) [78] because in a typical lateral multi-channel PS] device,

each 2DEG layer corresponds with a 2DHG layer to implement the charge balance

condition. In the PSJ device, if the number of multi-channels is N, the total number of

AlGaN and GaN layers is (2N+1).
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Figure 5.2 Schematic band diagrams of u-GaN/u-AlGaN multi-channel PSJ heterostructure.

is N, the total number of AlIGaN and GaN layersis (2N+1). Figure 5.2 shows the energy
band diagram of the lateral multi-channel structure of a typical PS] device. Although
issues such as uneven 2DEG density within each of the channels, film cracking when
the critical AlGaN thickness exceeded and Al mole fraction and difficulty of p-type
contact to 2DHG channels [79-82], solutions for design aspects also have been reported
[79] and multi-channel devices have been fabricated recently [83-85]. In addition,
Enhancement-mode (E-mode) multi p-channel MES-FinFETs have been proposed and
manufactured, which indirectly proves the implementation of high on-state current
density for a normally-off GaN FET and excellent gate control through multi-channel
PSJ structure and Fin-type gate. [86]. Moreover, as improvements have been made in
the growth/over-growth of high-aspect-ratio GaN-based nano-columns on polar/non-
polar bulk GaN substrates [77], a highly innovative solution of fabricating lateral

multi-channel PSJ devices can be potentially implemented.

In this chapter, the theoretical analysis on R w©n s» of lateral multi-channel PSJ

technology are investigated by analytical and numerical models.

5.2 Lateral Multi-channel PS] Devices Theoretical Limit Prediction

In predicting the performance for PSJ devices, analytical models of 2DEG and 2DHG
adopted herein are compared with numerical simulation and experimental data [47-
49]. The theoretical limit prediction is based on an ideal situation. The issues of

practical multi-channel PSJ implementation are not considered.

5.2.1 The Theoretical Analysis for Lateral Multi-channel PSJ devices
In lateral multi-channel PSJ devices, the 3-D cross-section consists of u-AlGaN/u-GaN

multi-channels, as shown in Figure 5.3.
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Figure 5.3 3-D schematic cross section of simplified lateral multi-channel PSJ diode.

The thin p-GaN layer design is to provide ohmic contact to each of the 2DHG layers.
In the multi-channel lateral PSJ diode, a rectangle shape of electric field distribution
can be realized because of the charge balance of 2DEG and 2DHG. Therefore, the
expression for R o, sp 0f the lateral PS] device is given as (5.1)

1 L L?

Rop X A= X—XLW=———— (5.1)

qU2pEGN2DEG  HW qU2DEGN2DEGH

Where g is the electron charge and pi2pec is the mobility of 2DEG. T stands for the sum
thickness of a u-GaN layer (fcav) and a u-AlGaN layer (faican). n2pec represents the
average concentration of 2DEG within T, L is the length of the PS] diode and the PS]
region (L>tean). It is also critical for device blocking capability (L=Vz/Ecrir). W is the

device's width and H is the total thickness of the multi-channels.

O02DEG
Noprc = T (5.2)

(5.2) shows the relationship between n2pec and unit area 2DEG sheet charge density

(o20e6). The model for ozpec is consistent with the reported work [47, 48]. It is
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recognised that within T, 2DEG is concentrated within a small region (a few nm) of
polarisation regions and that 2DHG does not contribute to on-state conduction.
L=Vp/Eerit links device breakdown voltage with the length of the PSJ region (L).
Substituting (5.2) into (5.1), the expression of the trade-off between R o, s and Vi can
be derived into (5.3).

Vg2xT L2XT L2

R,p X A= = = Xa (5.3)

. = =
QU2DEGEcrit“02DEGH  qQU2pEGO2DEGH  qlU2pEG

According to (5.3), we define a vital index ot and the expression for a is shown in (5.4).
N is the number of 2DEG (2DHG) layers as well as the number of multi channels. From
(6.3), it can be inferred that to optimize R (s, s» one needs to maximize p2pec and
minimize a, when the other parameters are held at specific values.

T 1 1

a = = . 54
02pecH  02ppe (2N +1) 64)

o can become infinitely smaller and approach to zero when N varies to infinitely large,
as shownin (5.4). However, this situation only can be realized theoretically. Therefore,
in the calculation of lateral multi-channel device R o, s, when the height (H) is much
smaller than the length (Lrs;), the expression for the R o, s is shown in (5.5). It is evident
that the R o, sp reduces with increase in N.

L2

Ron X A = (5.5)

NquU2pEGO2DEG

To minimize R wn, s, analyzing (5.1)-(5.5) and referring to a particular device volume
(equivalent L, W and H), it is evident that p2pec and nzpec should be maximised.
L? T L? 1

Rop X A = X = X (5.6)

qu2pecH  O2pEG qu2pecH  N2pEG

As shown in (5.6), the critical element to reduce R wn, s is to increase nzpec (020e6/T).
Besides, a multi-channel PSJ device needs to be charge balanced to realize the ‘box’

shape electric field distribution and equality of conduction current in each channel



Page | 129

require the sheet density of each 2DEG and 2DHG layer to be identical. Therefore, all
u-GaN layer thickness should be identical and is defined as tc.vas well as all u-AlGaN
layer thickness is taican. Since the number of 2DEG (2DHG) is N, the total number of

multi-channel layers is n=(2N+1), as demonstrated in Figure 5.3.

To obtain the expression for ozoec, the equation set (5.7) and (5.8) are built according
to ‘Gauss’ law at each interface of u-AlGaN/u-GaN and u-GaN/u-AlGaN as shown in
Figure 5.2. Since other AlIGaN/GaN layers are repeated, (5.7) and (5.8) can represent

all the other ‘Gauss’ law expressions in the multi-channel PSJ structure [71, 72].

€atcan€aican + €can€can = Taigan — € " N (5.7)

€can€can T €aican€aican = Taican — € * Ps (5.8)

Where ecav and eaican stand for the electric field in GaN and AlGaN layer, respectively.
ecav and eaican are GaN and AlGaN dielectric constants. oaicey represents the surface
charge in the AlGaN layer. ns is average 2DEG sheet charge density and ps is average
2DHG sheet charge density. As shown in Figure 5.2, considering the relationship
between AlGaN/GaN band structure and band bending in the AlGaN region (yellow
region), electron and hole quantum wells (An and Ap) satisfy the expression shown in

(5.9). It can be simplified to (5.10).

1
taican€algan = " (EG, algan T 4p + An — AEy, — AEC) (5.9)
1
taican€aigan = - (Eg + 4Ap + An) (5.10)
CAlGaN CGaN
(E; + 4p + 4An) + (Eg + An + Ap)

e e (5.11)
= OpiGaN — € "N
Where taican is the thickness of the AlGaN layer, Ec, aicav and Ec are the bandgap of the

AlGaN and GaN layer, respectively. AEv and AEc are valence band and conduction
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band offsets between AlGaN layer and GaN layer, respectively [73]. To obtain the
expressions for ns and ps, it is necessary to further deduce equations from the band
diagram shown in Figure 5.2. Concerning the conduction band potential distribution
from the right side to the left, the expression including the potential of the 2DEG
quantum well can be derived and delivered in (5.11). Where Caican= €aican /taican and

Cean= €can /tean are the unit capacitance of AlIGaN and GaN layer, respectively.

me

ng = — An (5.12)
Mmp
Ps = —54p (5.13)

A typical multi-channel PSJ device is a unipolar device and 2DEG is the only carrier
relevant to R o, sp. The function of 2DHG is to realize charge balance and uniform
electric field distribution. When the number of stack multi-channels is large enough,
considering charge compensation, ns should be identical with ps, which can also be
deduced from (5.7) and (5.8). According to the relationship between 2DEG sheet
charge density and quantum well, another approximate expression of 2DEG sheet
density, as shown in (5.12), can be built into the model. Similarly, an expression for ps
can also be derived as shown in (5.13) [72, 74]. Substitute (5.12) and (5.13) into (5.11).
Further, simplify the formula to (5.14) and solve the equation. The solution for s is

tinally obtained and shown in (5.15).

Calgan+Cgan (Th? | mh? _
[(—e e + o + e|Ns = Ogi6an —

(5.14)
(CAlGaN+CGaN) E
- . G
C + C
OALGaN — ( AlGaNe GaN) CEg s
o = .
2DEG (CAlGaN + CGaN) (”hz + ”h2> +e (-15)
e m, my

In (5.15), it is evident that to maximize #s is to maximize caican. As caicany increases with

the increasing of Al mole fraction, Al mole fraction should be maximized to obtain the
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maximum oacN. Therefore, Aluminium Nitride (AIN) can be used instead of AlGaN
in the following theoretical limit derivation. Substitute the relationship shown in (5.16)

into (5.15), the solution for n2pec (020e¢/T) can be simplified to (5.17)

e e mh? mh?
> > > (5.16)
Caiv~ Cegan e-me €-my

OuN — (M) - Eg

e
O2DEG =
Caun + Cean (nhz nhz) ]
+ ) +e|T
[( =) me T my ) " ° (5.17)
Caiv + Cean) .
| daw ~ o — N

eT

The thickness of the u-AlGaN layer fac.v leads to u-GaN layer thickness as (T- faican).
In (5.17), (Ccant Can) can also be expanded and conversed as shown in (5.18). To
achieve maximum o20e6/T, (Ceant Can) needs to be minimized. After mathematical
derivation, tacan=0.5T is the most appropriate value to maximize o:prc/T. In other
words, one of the demands to maximize n:pec is that the thickness of the u-GaN layer

and the u-AIN (u-AlGaN) layer should be equivalent.

Core 4 Co = 8.5¢¢T + 0.4epta16an 8.5¢,T
AN T GaN taican (T — taigan) taigan (T — taigan) (5.18)
8.5¢,T '

—tacan® + taganT

Where ¢ is vacuum permittivity and the relative permittivity of ALGai«N is €ancaxn
(€arca-n=8.5xe0+8.9(1-x)e0). As a consequence, the simplified solution for o:pec is

shown in (19) and the solution for n2pec is shown in (5.20).

34.8¢9\ E
daw — ( T 0)'?6 (5.19)
O2DEG = o
34.8g0\ E;
02DEG :UA”V_ ( T )'? (5.20)

n =
2DEG T eT
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Substituting the solution in (5.20) into (5.6) and varying u-GaN thickness (T/2) leads
to the minimum R o, sp. The difficulty will increase when increasing the number of
AIN (AlGaN)/GaN multi-layer in the practical fabrication of the device. To calculate
the theoretical limit of the PSJ device in the ideal situation, all parameters in the
simulation are idealized. In the perfect case, the contact resistance is assumed to be
negligible. In the analysis, the mobility model is mainly based on Caughey-Thomas

mobility model, as shown in (5.21) [87].

Umax,i — Umin,i
(N) = Upin; + —= .
l'l'l( ) l'l'mln,l 1 +< N >YI. (5.21)
Ng_l-

Where i stands for n-type (2DEG) or p-type (2DEG) carriers and N represents doping
concentration. pimin, i, limax, i, Ng i and yi are default parameters in the model as shown in
Table 5.1. With the increase of 2DEG sheet density, mobility will first increase and
then decrease [88-90]. However, as increasing Al composition, 2DEG mobility is

enhanced as well as the critical electric field in AlGaN [90].

Carriers
min,i max,i; N i i
Tone Wmin,i) max,i) 1) Y
n 55 1000 2x1017 1.0
p 3 170 3x10" 2.0

Table 5.1 Parameters for GaN in the Mobility Model.

In the derivation, the PS] length (L) is defined as 20pum and the total thickness of the

multi-channels is changed from 200nm to 1um as shown in Figure 5.4.

5.2.2 The Simulated Analysis for Lateral Multi-channel PS] Devices
In the numerical simulation, physics-based solutions for the sheet density of 2DEG
and 2DHG are achieved in Silvaco TCAD by using models shown in Table 5.2 to obtain

reliable results [52]. The models used in the simulation are based on default
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parameters. To estimate the theoretical limit of the PSJ device in the ideal situation, all

parameters in the simulation are idealized. In the perfect case, the contact resistance

of electrodes in calculation and simulation is assumed as zero.

Model name in

Silvaco TCAD

Description

POLAR

spontaneous polarization

CALC.STRAIN

piezoelectric polarization

CONSRH

Shockley—Read-Hall recombination

using concentration-dependent lifetimes

AUGER

recombination accounting for high-level

injection effects

Table 5.2 Simulation models and brief description.
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Figure 5.4 Lateral multi-channel PS]J devices calculated and ssimulated R o, sp) Vs tcan.

In the analysis of multi-channel PS] devices, the average mobility is assumed as
1000cm?/Vs in both calculation and simulation, it reduces with the increase of carrier
concentration [28, 91]. The critical value of electric field strength is theoretically
considered as 3.3MV/cm. As shown in Figure 5.4, in the lateral multi-channel PSJ
devices, when u-GaN and u-AlGaN thickness is 11nm, the value of R (o, s is minimum.
It should be addressed that 11nm AIN is only a theoretical value. The thickness of the
practical wafer growth technique is typically around 1-3nm through MOCVD growth
[89, 92]. With the increase in the number of multi-channels, the R o, s of lateral PSJ]

devices reduces.

The conduction current density distribution of the simulated lateral multi- channel PS]
diode is presented in Figure 5.5 (a)-(c). Each GaN (AlGaN) layer thickness is 11nm.
When the number of multi-channel (N) increases, the conduction current in each
channel is uniform, except in the sub-GaN layer. The energy band diagram and carrier
(2DEG and 2DHG) concentration distribution along the yellow dashed cutline (shown

in Figure 5.5(a)) is demonstrated in Figure 5.5(d).
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Figure 5.5 Lateral multi-channel PS] diode with fc.~=11nm conduction current density
distribution at Vac=5V in simulation (a) N=2 (b) N=4 (c) N=6 (d) Energy band diagram along the
yellow dashed line at Vac=0V.

The simulated Iac-Vac for lateral multi-channel PS] diodes with 11nm u-AIN and 11nm
u-GaN is shown in Figure 5.6(a). The conduction current scaled linearly with the
number of the multi-channels (N) since the current in each channel is identical, as
demonstrated in Figure 5.6(b). With the increase of the multi-channel number, the R

n, sp of lateral multi-channel PS] devices reduce significantly, as illustrated in Figure

5.6(b).
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Figure 5.6 (a) Iac-Vac simulated comparison characteristics of lateral multi-channel PSJ diode
with tcan=11nm and Lrs)=20pm the multi-channel number (N) is varying from 2 to 10. (b)
Dependence of R on, s and total channel current on the number of multi-channels in lateral PS]
diode with tcav=11nm.

As shown in Figure 5.7, there is almost no current flow through the yellow dashed
line region channel. The current is not equivalent per channel if the Al mole fraction

is not identical.
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Figure 5.7 Lateral multi-channel PS] diode with fc.~=11nm conduction current density
distribution at Vac=5V in simulation. Al mole fraction is different in each channel.

Figure 5.8(a) demonstrated four channels' simulated lateral multi-channel PSJ
structure. As shown in Figure 5.8(b), altering the Al mole fraction in AlGaN 1 from 60%

to 100% increases the current in channel 1 while keeping the Al mole fraction at 80%
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in the other AlGaN layers. This can be explained by (5.20). oaican, n20ec and the channel
current are linked together and increased with the Al mole fraction increase. Channel
2 current changed slightly when the Al mole fraction increased in the AlGaN 1. The
current in channel 3 is regarded as the reference current and remain nearly constant.
When Al mole fractions in AlGaN layers are identical (80% in Figure 5.8(b)), the

current values in channels are close to each other.
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Figure 5.8 (a) Schematics of the lateral multi-channel structure when the number of the channels
is four (N=4). (b) Current in different channels when altering the Al mole fraction from 60% to
80% in AlGaN 1 layer and Al mole fractions are 80% in AlGaN 2, 3 and 4. Vac=2V, Lrs=20um and
tcan= taican=11nm.

As shown in Figure 5.9(b), by varying the thickness of AlGaN 1 layer from 11nm to

3Inm and keeping the additional AlGaN layers' thickness identical, the current in

channel 1 increases.
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Figure 5.9 (a) Schematics of the lateral multi-channel structure when the number of the channels
is four (N=4). (b) Current in different channels when altering A1GaN 1 thickness (£ 4;5,y1) from
11nm to 31nm and Al mole fractions keep in 80%. Vac=2V, Lrsj=20um and tcan= taiganz34=11nm.

The growth can also be explained by (5.20). The current is determined by carrier

concentration from each channel, in (5.20), although o020k increases with the growth

of AlGaN layer thickness, the total thickness of the multi-channel (T) also increases.

Therefore, with the exact height of the device, the R s, sp increases with the growth of

some AlGaN layer thickness, as demonstrated in Figure 5.10(b).
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(b)

Figure 5.10 Simulated R o, sp (a) varying Al mole fraction from 60% to 100% in AlGaN 1 layer. Al
mole fraction is 80% in other AlGaN layers. (b) varying AlGaN 1 layer thickness form 11nm to

Combined the calculated prediction with ideal simulated results, the theoretical limit
trade-offs between BV and R (o, sp of lateral multi-channel PSJ devices are shown in
Figure 5.11. Both the calculated and simulated R o, s» present a downward trend with
increase in the number of PS] multi-channels. Hence, developing a device with a
multi-channel PSJ structure is essential. The multi-channel PSJ technology not only
offers the potential of breaking the material limit but also has the chance to reduce R

(on,sp) t0 10mQ-cm? level. Altering from N=100 to N=1000, R o, s can be further reduced,

31nm. Lrs=20pum, tcan= taican=11nm and N=4.

whereas the total channel thickness is increased to a relatively thick level.

10-11

Figure 5.11 R (on, sp-BV trade-off for ideal prediction of lateral multi-channel PSJ devices. N is the
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5.3 Feasible Devices Simulation

Unlike the ideal theoretical prediction, when considering designing and fabricating
practical lateral multi-channel PS] devices, the issues mentioned above cannot be
ignored. The critical thickness for strain relaxation limits the trade-off between Al
mole fraction and AlGaN layer thickness [80, 82, 93]. Thin AlGaN layer and lower Al
composition can enhance epitaxial material quality. Therefore, in the reliable lateral
multi-channel PSJ devices simulation, the Al mole fraction should not exceed 40% [93]

and the thickness of the AlGaN layer is not thicker than 60nm [48, 80, 93].

5.3.1 On-state Performance for Lateral Multi-channel PSJ Devices

The simulated Iac-Vac for lateral multi-channel PSJ diodes with 40nm u-AlGaN and
200nm u-GaN is shown in Figure 5.12(a). The conduction current scales linearly with
the number of the multi-channels (N). With the increase in the multi-channel number,

the R (n, sp) of lateral multi-channel PSJ devices reduces significantly, as shown in Figure

5.12(b).
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3.0 1.2 .
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Figure 5.12 (a) Iac-Vac simulated comparison characteristics of lateral multi-channel PSJ diode
with tcan=200nm, taican=40nm and Al=30%. The multi-channel number (N) is varied from 2 to 10.
(b) Dependence of R on, s» on the number of multi-channels in the same lateral PS] diode with
Lprs=20um.



Page | 142

The average mobility of 2DEG is 1200cm?/Vs in the calculation. Figure 5.13(a)
demonstrates the simulated lateral multi-channel PS] structure with four parallel
channels. As shown in Figure 5.13(b), altering the Al mole fraction in AlGaN 1 layer
from 20% to 40% while keeping the Al mole fraction at 30% in other AlGaN layers

leads to non-uniform current conduction.
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Figure 5.13 (a) Schematics of the lateral multi-channel structure when the number of the
channels is four (N=4). (b) Current in different channels when altering the Al mole fraction from
20% to 40% in AlGaN 1 layer and Al mole fractions are 30% in AlGaN 2, 3 and 4. Vac=2V,
Lpsj=20um, taican=40nm and tcan=200nm.

The current merely increases in Channel 1, since oacan, nz2pec and the channel current
are linked together and increased with the increase in Al mole fraction as presented
in (5.20). The current in Channel 3 is regarded as the reference current and almost
equal to Channel 2 current. As shown in Figure 5.14(b), varying the thickness of
AlGaN 1 layer from 20nm to 60nm and keeping all other AlGaN layers thickness

identical to 40nm also leads to non-uniform current conduction across the channels.
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Figure 5.14 (a) Schematics of the lateral multi-channel structure when the number of the
channels is four (N=4). (b) Current in different channels when altering A1GaN 1 thickness (t4;)

tcan=200nm.

from 20nm to 60nm and Al mole fractions keep in 30%.Vac=2V, Lrs;=20um, taicav=40nm and

Figure 5.15(a) shows that the R o1, s» reduces when the Al mole fraction increases in

one of AlGaN layers. Based on the results above, even slightly changing Al

composition or the thickness of the AlGaN layer can lead to non-uniformity of current

conduction. Therefore, composition and thickness control are critical in these multi-

channel PSJ structures.
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(@ (b)

Figure 5.15 Simulated R @, s» (a) varying Al mole fraction from 20% to 40% in AlGaN 1 layer. Al
mole fraction is 30% in other AlGaN layers. (b) varying AlGaN 1 layer thickness form 20nm to
60nm.

When GaN thickness increase in one of the GaN layers and higher than the critical

value for generating 2DEG, device total current almost does not change as shown in

Figure 5.16(b).
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Figure 5.16 (a) Schematics of the lateral multi-channel structure when the number of the
channels is four (N=4). (b) Iac-Vac simulated comparison characteristics when altering GaN 1
thickness (fcan1) from 50nm to 200nm and Al mole fractions keep in 30%. Vac=2V, Lrs;=20um,

taican=40nm and tcan=200nm.

5.3.2 Blocking Capability for Lateral Multi-channel PS] Devices

In the off state of lateral multi-channel PS] devices, both lateral and vertical electric

tields should not exceed the critical electric field to avoid the breakdown. Figure 5.17(b)
and Figure 5.17(c) show the vertical and lateral electric field distribution along the

cutline shown in Figure 5.17(a) when varying cathode voltage from 0V to 6600V.

2DEG and 2DHG deplete at low cathode voltages. Figure 5.17(b) shows that the
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vertical electric field first increases when varying cathode voltage from 0V to 10V.
Further growing the cathode voltage from 10V to 100V, with the depletion of 2DEG
and 2DHG, the vertical electric field reduces and approaches zero. Within a further
increase in the cathode voltage, the lateral electric field increases with a rectangular
shape distribution until the maximum blocking capability of the device (6600V

theoretical), as demonstrated in Figure 5.17(c).
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Figure 5.17 (a) Schematics of the lateral multi-channel structure when the number of the
channels is four (N=4). (b) Vertical and (c) Lateral simulated electric field profile along x axis
direction of lateral multi-channel (N=4) PS] diodes plotted along the high field PS] region (from
anode to cathode), at blue dashed cutline when various reverse bias conditions from 0V to
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6600V. (d) Simulated off-state I+-Va characteristics of the lateral multi-channel PS] Diode (N=4
Lrsj=20pum)

As shown in Figure 5.18(a), each additional channel equally increases the total sheet
charge density of 2DEG and 2DHG by 1.1x10%® cm?, since in lateral multi-channel PSJ
devices, each 2DEG layer corresponds with a 2DHG layer. The sheet charge densities

of 2DEG and 2DHG are always equal in each channel.
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Figure 5.18 (a) The total sheet charge density of 2DEG and 2DHG when the multi-channel
number (N) is varying from 2 to 10. (b) BV calculated, simulated and measured output
characteristics of lateral multi-channel PSJ devices when shifting Lrsj from 5pm to 20pm at Ve=-
15V.

Even altering Al composition in one of the AlGaN layers does not influence the charge

balance condition, as shown in Figure 5.19(b).
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Figure 5.19 (a) Schematics of the lateral multi-channel structure when the number of the
channels is four (N=4). (b) The total sheet charge density of 2DEG and 2DHG when altering the
Al mole fraction from 20% to 40% in AlGaN 1 layer and Al mole fractions are 30% in AlGaN 2,3

and 4. Lrs)=20um, taican=40nm and tc.n=200nm.

The electric field distribution is almost identical in each GaN layer when the Al mole

fraction changes in one of the AlGaN layers, as presented in Figure 5.20.
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Electric Field Distribution vs. Al%
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Figure 5.20 Schematics of the lateral multi-channel structure when the number of the channels
is four (N=4) and lateral electric field distribution (2000V) when altering the Al mole fraction
from 20% to 35% in AlGaN 1 layer and Al mole fractions are 30% in AlGaN 2, 3 and 4. Lrsj=20um,
taican=40nm and tcan=200nm.

Figure 5.18(b) is the comparison among calculated, simulated and measured BV when
Lrs; increases from 5um to 20um. The experimental BV electric field shows a linear
increase with respect to the Lrsj and an average breakdown field strength between 1-
1.5MV/ecm. Hence, in the simulation of multi-channel PSJ devices, the critical electric

field can be reasonably assumed as IMV/cm.
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Figure 5.21 R s, sp-BV trade-off for practical design of lateral multi-channel PS] devices. N is the
number of multi-channels.

Combined the calculated and simulated results, the trade-offs between BV and R wn, sp)
of lateral multi-channel PS] devices are shown in Figure 5.21. To estimate the
performance of realizable devices, in both calculations and simulations, the assumed
Al composition is 27% and the thickness of AlGaN layer is 40nm in each channel. In
lateral PSJ devices, both the calculated and simulated R @, s» present a downward
trend when the number of PS] multi-channel increases. It shows that R (o, s» of PSJ
devices with three lateral multi-channels can reach GaN material limit. Further
increasing the number of channels, lateral multi-channel PSJ devices can easily break
GaN material limits and R «n, sp) is reduced to a relatively low level. The multi- channel
PS] technology offers the potential of breaking the material limit provided

composition and thickness control can be realised.
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5.4 Summary

In lateral multi-channel PSJ devices, when the layer (GaN, AlGaN or AIN) thickness
is 11nm, the R (n, sp reaches the minimum value (theoretical limit). Simulated results
show that the charge is invariably balanced between the 2DEG and 2DHG layer when
altering the Al more fraction in the AlGaN layer. Both calculated and simulated results
show that 2DEG (2DHG) is independent in different channels. Changing the Al
composition and thickness of the AlGaN layer cannot impact 2DEG (2DHG) sheet
density in other channels. The trade-off between BV and R, sp in lateral multi-channel
PSJ technology can potentially break the GaN material limit. With the same blocking
capability, R o, s» in devices with ten lateral multi-channels (N=10) can effectively be
reduced by two-thirds compared to conventional GaN devices. Moreover, in low-
voltage applications, lateral multi-channel PS] technology can potentially realize more
than two orders of magnitude lower R «n, s compared to conventional, single-channel
PSJ devices under the same device blocking capability. In conclusion, the proposed
multi-channel engineering is an effective and viable solution to realize ultra-highly
efficient GaN-based power semiconductor devices. In addition to the potential
increase in power density, this technology can pave the way for the next generation of

power semiconductor devices.
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Chapter 6 VERTICAL MULTI-CHANNEL PS] TECHNOLOGY

This chapter analyses the theoretical limit of area-specific on-state resistance (R (on, s))
on vertical polarisation super-junction (PSJ) technology. Ren s on nano-scale vertical
multi-channel PSJ technology is analysed (wrong ref 73 delated). Theoretical models,
which are calibrated with numerical simulations, are used to calculate the R (o, sp of
these nano-scale vertical Polarisation S] (VIP-S]) diodes. In both calculated and
simulated results of R «n, s»), devices with vertical multi-layer PSJ structures are found
to break the unipolar one-dimensional material limits of GaN by orders of magnitude.
Both calculated and simulated results show power devices with vertical multi-layer
PSJ technology can potentially reduce R (n, s to 10*mQ-cm? level with 1.2kV blocking
capability. In this chapter, it also proposed a novel multi-polarization channel applied
to realize normally-off and high-performance vertical GaN device devices for low
voltage applications based on the previous discussion. This structure is made with
2DHG introduced to realize the enhancement mode channel instead of p-GaN as in
conventional vertical GaN MOSFETs. Two more 2DEG layers are formed through
AlGaN/GaN/AlGaN/GaN polarization structure, which minimizes the on-state
resistance. Simulation analysis shows that this proposed structure can provide a large
drain current at ~ 500mA/mm. The calculation results show this novel vertical GaN
MOSFET - termed SV GaN FET - has the potential to break the GaN material limit in
the trade-off between area-specific on-resistance (R «n, s») and breakdown voltage at

low voltages.

6.1 Introduction

In the previous chapters, considering integrated power conversion systems, due to the
high concentration of thin 2DEG realized through piezoelectric properties,

AlGaN/GaN-based heterojunction field-effect transistors (HFETs) offer remarkable
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properties of low on-state resistance [94]. In vertical GaN devices, thus far, no
significant performance advantage beyond 4H-SiC has been realized in the trade-off
between the area-specific on-state resistance (R o s») and the breakdown voltage. To
break the 1-Dimensional material limit, super-junction (5J) concept was introduced in
silicon [9, 95]. However, as to dopant-based approach is immature in GaN, it is
difficult to precisely control p-type Mg activation for charge balance purposes [96]. To
overcome the 1-D material limit, as shown in Figure 6.1(a), the lateral Polarization
Super Junction (PS]) technology was applied to nano-scale vertical polarisation super
junction (VIP-S]) in 2017 as shown in Figure 6.1(b) [45, 50, 76]. The basic PS]J structure
arises from GaN/AlGaN/GaN double-heterostructure, which employs an inherent
charge balance in the PS] region. The PSJ concept is based on the polarization property
of III-V group nitride compound semiconductors to realize the co-existence of high-
density two-dimensional electron gas (2DEG) and two-dimensional hole gas (2DHG)

at the hetero- interfaces to realize charge balance [50].
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(c)

Figure 6.1 Schematic cross section and simplified electric field distribution of (a) conventional
PS]J structure and (b) nano-scale vertical Polarisation SJ (VIP-S]J) structure (c) Vertical Multi-
Channel PSJ Structure.

It can potentially break the one-dimensional material trade-off between the R on,s» and
the breakdown voltage of conventional GaN technology [70]. As improvements have
been made in the growth/over-growth of high-aspect-ratio GaN-based nano-columns
on polar/non-polar bulk GaN substrates, a highly innovative solution of fabricating
vertical PSJ] devices can be potentially realized [76, 77, 97]. Furthermore, if the stacks
number of AlIGaN/GaN layers is increased, based on the PSJ structure, the multi-layer
PSJ concept is proposed, as shown in Figure 6.1(b). As shown in Figure 6.1(c), based
on the VIP-PS] concept, the number of AlIGaN/GaN layers can be increased most
compactly. For low voltage devices, the required vertical etches and (re) growth
controls are within a few micrometres into GaN and viable with recent advances in
GaN process technologies. With this in mind, theoretical limits R ©n, sp) of vertical nano-
pillar PS] technology are investigated and compared with GaN-dopant based SJ
technology by analytical models and numerical models. The multi-layer PS] concept
is different from nature super-junction (NSJ), and as shown in Figure 6.1(b), in a
typical multi-layer PSJ device, each 2DEG layer corresponds with a 2DHG layer to
implement the charge balance condition [78]. Hence, compared with NSJ technology,
a perfect box-like electric field distribution can still be realized in vertical multi-layer

PSJ devices.

In this chapter, the theoretical limit R o s vertical multi-layer PSJ technology are
investigated and compared with GaN-based S] technology by analytical and

numerical models.
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6.2 Vertical PSJ Device Theoretical Limit Prediction

As non-polar GaN is widely used in optoelectronic applications, through growing
Wourtzite GaN along non-polar axes, the orientation of the intrinsic polarisation can be
converted to the lateral direction in the grown layers, which contributes to fabricating
vertical multi-layer PS] devices [76]. In predicting the theoretical limit for PSJ devices,
analytical models of 2DEG and 2DHG adopted herein are compared with numerical
simulation and experimental data [47, 48]. Considering the R wn, s calculation in
vertical devices is different from that in lateral devices, therefore, it needs to be

divided into two situations.

6.2.1 The Theoretical Limit for Vertical SJ Devices

In conventional vertical S] devices, the method to simultaneously realize high
breakdown voltage and low R on, s is through controlling the p-type and n-type layers
doping concentration [9]. The relationship between R(,,s,) and device blocking

capability (V3) is given in (6.1)

4dVy
R,, X A =

= (6.1)
uesEc?

Where RonxA is R s sp and d is the thickness of SJ layer. Vs stands device breakdown
voltage. i is the carrier mobility. s and Ec are permittivity and critical electric field of

the semiconductor material.
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Figure 6.2 3-D schematic cross section of simplified (a) vertical SJ diode with one p-GaN and n-
GaN layer (b) vertical SJ diode with p-GaN and n-GaN multi layers.

When considering the JFET effect, in the S] device with one p-pillar and one n-pillar,
as shown in Figure 6.2(a), the expression for R,y sp) is shown in (6.2) [98].

dpH <d2)

Rop XA =————In(—
o (dz—dy)  \dy

(2)

Where p is the resistivity of the n-doped region and H represents the length of the drift
region. d> and di are the major and minor width of the trapezoid drift region,

respectively, as shown in Figure 6.2(a) and can be obtained from (6.3) and (6.4) [98].

(6.3)

2 2

d _ d d _ d ngvbi NA
g s q Np(Ny+ Np)
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(6.4)

d 2es(Vpi + Vp) Ny

- \/ q Np (N4 + Np)
Where ds and db are depletion width at the source and drain side, respectively. Vi
stands for the junction built-in potential and Vb is the drain applied voltage. Naand
Nb represent doping concentration [98]. As the number of p-pillar and n-pillar
increases, the JFET region and depletion region should be considered both from the

right and left sides, as shown in Figure 6.2(b). Therefore, in the SJ device with multi-

layers, the expression for R wn, s is revised to (6.5).

Rop XA =

2dpH_, (&) (6.5)

——In
(D = D1)  \D,
Where D: and D: stand for modified major and minor width of the trapezoid drift

region.

6.2.2 The Theoretical Limit for Vertical PS] Devices
In vertical multi-layer PS] devices, the 3-D cross-section, which consists of u-AlGaN/u-

GaN multi-layers, is shown in Figure 6.3.
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Figure 6.3 3-D schematic cross section of simplified vertical PSJ diode.

In the multi-layer vertical PS] diode, a rectangle shape of electric field distribution can
be realized because of the charge balance of 2DEG and 2DHG. Therefore, the

expression for R o sp of the vertical PS] device is shown as (6.6).

Ryn XA = 1 X H XL-W=L
qi2pecNpee LW qU2pEGM2DEG (6.6)
B qU2pEcM2pEGEC

Where g is the electron charge and p:prc is the mobility of 2DEG. nzpec represents the
average concentration of 2DEG. t.cav is n-GaN layer thickness. H is the height of the
PSJ diode as well as the length of the PS] region (H>> tr-ca). It is also the critical factor
for device blocking capability (H=Vs/Ecit). W is the width of the device and L stands

for the total thickness of u-GaN/u-AlGaN multi-layers. To minimum R «n, ), analyzing
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(6.6) and referring to a given device volume (equivalent H, W and L), it is evident that

pzpec and nzpec should be maximum.

O02DEG
NapEG = T (6.7)

(6.7) shows the relationship between n2pec and unit area 2DEG sheet charge density
(0aican). The model of cacan is consistent with the reported work [47, 48]. T stands for
the total thickness of one u-GaN layer and one u-AlGaN layer. H=Vs/E«it associate
device breakdown voltage to the length of the PS] region (L). Substitute (6.7) into (6.6),

the expression of the trade-off between R, sy and Vg can be derived into (6.8).

Vg X T H

R,, X A= =
on qU2peGEcrit02pe¢ qM2pec(02pE6/T)

(6.8)

Based on (6.9), to optimize the trade-off between R ©on, s» and Vs is to the minimum R (on,
s, simultaneously, remaining the device blocking capability (V). L is given a fixed
value in the derivation and proportion to Vs. As shown in (6.9), the critical element to
reduce R o, sp is to increase nzoec (020e¢/T). Besides, a multi-layer PS] device needs the
charge balance to realize the ‘box” shape electric field distribution. The sheet density
of each 2DEG and 2DHG layer is equivalent. Therefore, all u-GaN layer thickness
should be identical and is defined as tc.v as well as all u-AlGaN layer thickness is taican.
The number of u-GaN/u-AlGaN multi-layers is n. Figure 6.4 shows the sectional band

diagram of the multi-layer structure in a PS] device.
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Figure 6.4 Schematic band diagrams of u-GaN/u-AlGaN Multi-layer PS]J heterostructure.

To obtain the expression for ozoec, use the same methods in 5.2.1, according to ‘Gauss’
law at each interface of u-AlGaN/u-GaN and u-GaN/u-AlGaN [71, 72]. In consequence,

the final solution for n,pg; is shown in (6.9).

34.850\ Eg
n _ O2peg _ ZAWN — ( T ) e (6.9)
2DEG T oT

In the derivation, the PSJ length is defined as 20um as well as the SJ pillar length.
Substitute the solution in (6.9) into (6.8) and varies u-GaN thickness (7/2) to obtain the

minimum R (n, sp).

In the numerical simulation, physics-based solutions for the sheet density of 2DEG
and 2DHG are achieved in Silvaco by using models, such as spontaneous polarization
(POLAR), piezoelectric polarization (CALC.STRAIN), Shockley—Read-Hall
recombination using concentration-dependent lifetimes (CONSRH), and
recombination accounting for high-level injection effects (AUGER) to obtain reliable
results. The models used in the simulation are based on default parameters for
comparison [52]. When increasing the number of AIN (AlGaN)/GaN multi-layer in the
practical fabrication of the device, the difficulty will increase. In order to estimate the
theoretical limit of the PS] device in the ideal situation, all parameters in the simulation

are idealized. In the perfect case, the contact resistance is approaching zero. In the
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theoretical limit calculation of R ws, sp., the contact resistance of anode and cathode
electrodes can be ignored. In GaN SJ calculation, the mobility model is based on

Caughey-Thomas mobility model as shown in (6.10) [87].

Umax,i — HUmin,i

) +< N )Vi (6.10)

pi(N) = tmini +

Ny,i

Where i stands for n-type or p-type carriers and N represents doping concentration.

Umin, i, Umax, i, Ng i and yi are default parameters in the model as shown in Table 6.1 [87].

Carriers
min,i max, i N i i
Type p( ) p( ) (gi) 'Y
n 55 1000 2x10v 1.0
p 3 170 3x10"7 2.0

Table 6.1 Parameters for GaN in the Mobility Model.

In vertical PS] devices, the mobility is assumed as 1000cm?/Vs in both calculation and

simulation because it reduces with the increase of carrier concentration [28, 91].
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Figure 6.5 Vertical SJ and PSJ devices calculated and simulated R oy, sy VS tgan-

As shown in Figure 6.5, the minimum value of R s, s in the vertical SJ device is
obtained when n-GaN (p-GaN) thickness is 0.08um. The comparison results show that,
in the vertical PSJ devices, when u-GaN and u-AlGaN thickness is 11nm, the value of

R (on, spy is minimum.

As an improvement has been made in the growth/over-growth of high-aspect-ratio
GaN-based nano-columns on polar/non-polar bulk GaN substrates [76, 77, 97], a
highly innovative solution for fabricating vertical multi-layer PSJ Diode, as shown in

Figure 6.3, can be potentially realized.

The cross-section of the simulated diode structure is demonstrated in Figure 6.3. Lps;
varies from 5um to 20pum. The simulated results of Isc-Vac for multi-layer PS] diodes
with 12nm u-AlGaN and 12nm u-GaN is shown in Figure 6.6. It shows that relatively

high on-state current density can be achieved by vertical multi-channel PS] devices.



Page | 163

20.0

Simulation
| —4-L,;= Spm

-4-L,= 10um l
15.0 4 ==L, = 15um ‘M‘
-e- L= 20um “4‘4
4“‘< 0”’0
3 g

10.0 |

Anode Current (A/mm)

ol
o
|

0.0

Anode Voltage (V)

Figure 6.6 Output characteristics of the simulated multi-layer ideal PS] diode with 12nm AlGaN
and GaN.

6.3 Blocking Capability for Ideal Vertical PS] devices

Figure 6.7 is the comparison among calculated, simulated and measured BV when Lrs)

increases from 5pum to 20um.
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PSJ Devices
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Figure 6.7 BV calculated, simulated and measured output characteristics of PS] devices when
shifting Lrsj from 5um to 20pum at Vg=-15V.

As shown in Figure 6.7, the experimental BV is lower than calculated and simulated
results. This is because an average breakdown electric field strength is between 1-
1.5MV/cm in practical devices. The average BV electric field strength is increased with
the improvement in the quality of the materials and further optimizing the charge
balance in the PS] region. When estimating and calculating the theoretical limit of the
PS] device, the critical value of electric field strength is theoretically considered as

3.3MV/cm [99].
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Figure 6.8 Schematic cross section and simplified electric field distribution of (a) possible
depletion mode 1 (b) possible depletion mode 2.

As demonstrated in Figure 6.8, different depletion modes correspond with distinct

boundaries, considering the possibility of varying depletion ways in multi-layer PSJ

devices. In mode 1, the left and right boundary materials are i-GaN, as shown in

Figure 6.8(a). In mode two, the left and right boundary materials are i-AlGaN, as

presented in Figure 6.8(b).
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Figure 6.9 R on, s»-BV trade-off for conventional GaN, Lateral PS] and Vertical PSJ GaN devices.

Combined the calculated prediction with simulated results, the theoretical limit trade-

off between BV and R s, s» of SJ and PSJ devices is shown in Figure 6.9. Theoretical

limit R «n, sp PS] devices are several orders of magnitude lower than SJ devices with the

same blocking capability as demonstrated in Figure 6.9 and Table 6.2.

Carriers

Type

Theoretical limit R,,,A of
lateral PSJ devices

(mQ - cm?)

Theoretical limit R,,A of
vertical devices

(mQ - cm?)

1 multi- layer
PSJ

2 multi-layers
PSJ

1 multi- layer
PSJ

2 multi-layers
PSJ




Page | 167

5 484x1072 | 1.61x10"2 | 3.13x10°% | 2.13x10~*
10 1.94x 107! | 646x1072 | 626x 1073 | 426x 1074
15 436x1071 | 1.45x10"! | 939x10"% | 6.39x 10~*
20 7.75x 1071 | 258x 107! | 1.25x 1072 | 8.52 x 10~*

Table 6.2 Theoretical limit R ©n, s» comparison between SJ and PSJ device.

Whether by calculation, simulation, or measurement, R (o, s» shows the upward trend
when S] and PS] devices blocking capability increases. The multi-channel PSJ
technology offers the potential of breaking the material limit but also can reduce R (n,
s to0 10°mQ-cm? level. In high voltage power applications, vertical PS] devices present

superiority in reducing R (o, sp).

6.4 Scalable Vertical GaN-based PSJ FETs

Polarization Super Junction (PS]) technology breaks the trade-off between area-
specific on-resistance (R o, s») and breakdown voltage in lateral formats [45, 50].
However, in most lateral GaN transistors, threshold voltage could not be increased to
a high enough level (except through the cascade approach) to satisfy the requirement
of automotive applications [100]. For high-frequency applications, dynamic on-
resistance in lateral GaN devices can degrade device/system efficiency due to
increased conduction losses [101]. Besides, most lateral GaN devices are not as area-
efficient as vertical GaN transistors since sufficient length between the gate and drain

electrodes is necessary to achieve high blocking capability [102].

In vertical GaN MOSFET technology, p-type GaN is usually doped by magnesium
(Mg) and the percentage activation of this impurity rarely exceeds 1%. Moreover, high

voltage GaN MOSFET structures' fabrication and performance depend on p-GaN
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doping techniques [96, 103]. Compared with most the lateral MOSFET devices,
vertical GaN e-mode MOSFET could achieve the requirement of reducing the chip
area, simultaneously supporting relatively high breakdown voltage and realizing the
device usually is off. The vertical design could reduce R ©n, s» and chip area before
2DEG is introduced to MOSFET [104]. Substantial length between gate and drain
electrode is necessary for meeting high blocking voltage demands. Therefore, most
lateral GaN devices in power density and chip size are less efficient than vertical GaN

transistors [102, 105-110].

i
! Source
H

Field Plate

AL,

n*.GaN substrate

Drain

Figure 6.10 Schematic cross-section of a fabricated 1.6kV trench MOSFET [102].

As demonstrated in Figure 6.10, this vertical GaN-based trench MOSFET built on a
free-standing GaN substrate could attain 1.6kV blocking voltage. FP edge termination
is used to suppress the potential crowding at the edge of the p-n junction, contributing
to high breakdown voltage. The concentration of Si-doped n*-GaN and n-GaN are
3x10%cm? and 8x10cm3, respectively. Mg doped P-GaN with the concentration of
4x10cm. In this fabricated MOSFET, the mesa area is 150x300pum? with a measured
operation threshold voltage of 7V. The estimated value of R o, s is 12.1mQ-cm?,
although it can be decreased by reducing the level of blocking voltage since the trade-
off between area-specific on-resistance and breakdown voltage, which was still more
significant than that in PSJ-HFET (approximate 0.5m{)-cm? with 1200V breakdown

voltage). There is still potential exists in optimise this MOSFET structure. For example,
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threshold voltage could be managed by gate oxide layer material (HfOz), on-state
resistance and current density could be reduced by depositing the AIN layer after the
trench gate etch process. As demonstrated in Table 6.3, it is essential to develop
devices technology which combines all advantages of lateral PSJ devices, vertical PS]

devices and vertical GaN-based MOSFET.

Device Advantages Disadvantages
Low R(on,sp)
) One more layer for
Lateral PS]J Device No need of intentional , .
negative polarization.
doping
Very Low Ron,sp) Very narrow charge
Vertical PS] Device No need of intentional | compensating layers;
doping Processing too complex.
High BV
Small device area
No current collapse High R(on,sp)
Vertical GaN MOSFET
High threshold voltage P-type doping
Simpler gate drive
circuitry

Table 6.3 Comparison between GaN-based Vertical MOSFET and PS]J Devices.

The innovative idea is to expand the PSJ concept to Scalable Vertical (SV) GaN FETs

to overcome such technical limitations.
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6.5 Scalable Vertical GaN-based PSJ FETs Structure

Silvaco TCAD is used for 2D device simulation of SV- GaN FETs. The models adopted
for simulating I-V characteristics include POLAR (spontaneous polarization) and

CALC.STRAIN (piezoelectric polarization) and FLDMOB (field-dependent mobility).

tﬂlGﬂN =10nm Mg_—_an

5
Loy = 5nm —1 1

3 L

Al=5% == \
u-GaN Multi-layer
channel

u-AlGaN
u-GaN
u-AlGaN Si-GaN

Multi-layer
Channel

Figure 6.11 Multi polarization channel vertical GaN device cross-section.

Figure 6.11 shows a simplified SV- GaN FET with 10nm-Alo.isGaossN/5nm-GaN/10nm-
AloosGaossN/5nm-GaN channel. There are two 2DEG layers: the upper layer is
connected to the source electrode while bottom 2DEG layer is connected to drain
electrode. 2DHG presence in multi-layers is regarded as the channel with the function
of realized normally off and controlled threshold voltage. 2DEG and 2DHG sheet
carrier density can be controlled by adjusting AlGaN layer thickness and Al mole
fraction. As the 2DHG depends upon growth conditions, p-type doping activation
issues can be overcome. The Mg-doped layer is only used to reduce the short-channel

effects, as the 2DHG layer is too thin.
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6.6 Scalable Vertical GaN-based PSJ FETs Simulation

The channel design of multi-layer stacks utilizes a charge compensation concept
between the adjacent 2DEG and 2DHG layers to support voltage. The applied voltage
is dropped across the stack as well as the Si-doped GaN drift region. BV can be scaled
by increasing the number of multi-layer stacks or optimizing the thicknesses of the
stacks. In trench gate vertical devices, corner design is an important issue that affects
operation reliability. In this work, reported data of measured critical electric field
strength of ~ 4MV/cm(23MV/cm) for HfO2(SiOz2) and 3.3MV/cm for Si-GaN is used as
the reference values and U-shaped design is considered for the gate geometry to

suppress corner effects [111, 112].

Electric Field Distribution (MV/cm)

0 2 4 22 23 24
AlGaN Hf02$ / _ |
Mg-GaN T
2.4
Multi-layer s
channel £ 28
1 = e
! £ [|@
. I g 2.6 z
Si-GaN | a Measured Critical
'| Si0,+GaN
‘\ Measured Critical
\ 27 HfO,+GaN
A
S Simulated 100V V
HfO,+GaN
_ 2.8 Ak

Figure 6.12 Gate corner electric field distributions: simulated results vs. measurement material
critical electric field [111, 112].

Figure 6.12 shows that an SV- GaN FET device with 0.5um Si-GaN drift region is
simulated at 100V drain voltage, the peak electric field is the only 2/3 of the reference
value. Moreover, other techniques such as p-GaN underneath the gate can further

electrically shield the gate corners. As shown in Figure 6.13, an Mg-doped GaN region
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applied beneath the trench gate can further suppress the electric field crowding at the

corner of the gate.

Mg-GaN

Multi-layer
channel
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Figure 6.13 Gate corner electric field distributions: Si-GaN vs. Mg-GaN+Si-GaN at Vi=100V.

Figure 6.14(a) shows the I:-Vi characteristics as a function of gate voltage.
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Figure 6.14 Simulated (a) 160nm channel Is-Va characteristics.

(b) Transfer I-V characteristics. (c) Channel length vs BV and V.
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With the increasing number of multi-polarization junction stacks, device blocking

capability can be improved without any significant increase in Vi, as shown in Figure

6.14(c).
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Figure 6.15 Area-specific on-resistance vs. Breakdown trend in GaN and SiC; for reference
vertical GaN PSJ technology [76] is shown as well as the predicted trend of SV-GaN FET.

In Figure 6.15, for comparison, 4H-SiC and GaN material theoretical limits are

demonstrated as well as conventional GaN HEMT with 1um channel length [76]. The

calculation results show a performance beyond the material limit by assuming ideal

channel mobility of 250cm?/ Vs [105]. The simulation results for SV-GaN FETs predict

significantly superior performance to conventional lateral GaN HEMT, albeit practical

carrier mobility is utilized for calibration.

Devices Type of | Ion, max) | R (on, sp) Vi BV
Devices (mA/mm) | (mQ-cm?)

GaN pFETs ([86]) | Normally- | 66 1.29 -0.6 42
off
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SV  GaN-based | Normally- | 325 (at | 0.0073 3.6 (can be | 70
FETs off V=6V controlled)
Va=1V)

Table 6.4 Detailed comparison of DC performance between normally-off GaN pFETs and SV GaN-
based PSJ FETs [86].

Table 6.4 compares device performance between the reported fabricated normally-off
GaN pFETs [86] and SV GaN-based PSJ FETs. SV GaN-based PS] FETs not only show
a better trade-off between R o1, s» and device breakdown voltage (lower R (o, sp with
higher BV) but also have the controllability on the Vi through various methods (Mg
doping concentration, multi-layer thickness and the material of oxide layer). Therefore,
vertical GaN devices based on the PS] concept will be a promising candidate for the

next generation of power electronics.

6.7 Summary

The theoretical limit R @, sp of vertical multi-layer PS] devices are achieved when the
structure is with 11nm u-AIN (AlGaN) and 11nm u-GaN multi-layer structures. For
S] devices, when the pillar width (p-GaN or n-GaN thickness) is 0.08pum, they reach
the theoretical limit. The trade-off between BV and R o, sp in conventional lateral PSJ]
technology can theoretically break the GaN material limit. The vertical multi-layer PS]
technology can further potentially reduce R wn, s to 10°m{-cm? based on calculated
and simulated results in this chapter. In addition, in high voltage applications, multi-
layer PS] technology also presents nearly two orders of magnitude lower R (o, s
compared with conventional SJ and PSJ technology under the same device blocking
capability. In conclusion, comprehensive analysis results prove the enormous

potential of vertical multi-layer PSJ technology.

A novel vertical GaN MOSFET technology, which can be scaled and suitable for low
voltage applications, is also presented in this chapter. A 100V device can potentially

achieve an R on, s» lower than 102mQ)-cm? as shown in this work. The device can be
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easily scaled, and the specific on-state resistance can be further optimized with more
refined design rules. Based on the results presented, the multi-polarization channel
vertical GaN device are predicted to offer immense potential in power electronic

systems and high-frequency integrated applications.
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Chapter 7 CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

With substantial improvement in device technology, GaN-based Polarization
Superjunction (PS]) technology will be possible through extensive academic and

industrial research, becoming a significant role in next-generation power converters.

To develop PSJ technology, as the preparation, the detailed fabrication process is
introduced based on the performance of fabricated high voltage GaN-based OG and
SG PSJ HFET on Sapphire substrates. Electrical characterization from the experiment
of forwarding characteristics, reverse characteristics, and detailed Capacitance
Voltage (CV) measurements have been performed and discussed. Fabricated OG and
PS] HFETs with the PSJ region length of 20 um present low on-set voltage and high

reverse blocking voltage (V) of ~ 2200V and R (o, s» can be reduced to 10m-cm?.

This thesis also establishes the foundation of PS] theory through the analytical models,
numerical modes and experiment results. Precise physics-based PS] HFET models
remain valid at different temperatures. The accurate analytical models can promote
an understanding of the mechanism of PS] HFETs. They can also effectively assist in
predicting the performance of PSJ devices precisely. Based on these models and
analysis results, developing the PS] concept to the multi-channel PS] technology level

shows a feasible way to break the theoretical limit of power semiconductor devices.

A brief discussion about the development of PS] technology on lateral and vertical
multi-channel concepts, which can significantly improve performance, is presented.
The theoretical limit of multi-channel PS] technology is investigated. Simulated results
show that the charge is invariably balanced between the 2DEG and 2DHG layer when
altering the Al more fraction in the AlGaN layer. Both calculated and simulated results
show that 2DEG (2DHG) is independent in different channels. Changing the Al
composition and thickness of the AlGaN layer cannot impact 2DEG (2DHG) sheet
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density in other channels. The trade-off between BV and R @ sp) in lateral and vertical
multi-channel PSJ technology can potentially break the GaN material limit. In addition,
low-voltage applications, especially lateral multi-channel PSJ technology, can
potentially realize more than two orders of magnitude lower than, compared
conventional, single-channel PSJ devices under the same device blocking capability.
The proposed multi-channel engineering is an effective and viable solution to realize

ultra-highly efficient GaN-based power semiconductor devices.

Finally, a novel vertical multi-polarization channel GaN MOSFET, which can be
scaled and suitable for low voltage applications, terms SV GaN FET, is proposed. This
work shows that a 100V device can achieve an R o, s» lower than 102m-cm?. The
device can be easily scaled, and the specific on-state resistance can be further
optimized with more refined design rules. Based on the results presented, the multi-
polarization channel vertical GaN device is predicted to offer immense potential in

power electronic systems and high-frequency integrated applications.

Multi-channel PS] transistors show great potential in high-power and high-voltage
applications. A deep comprehension on the mechanism of the multi-channel PSJ

concept will contribute to the development of the power electronic industry.

7.2 Future Work

The GaN-based PSJ and multi-channel PS] engineering have the potential to push the
device performance limits beyond the GaN material limit. The research work based
on developing next-generation GaN-based multi-channel PSJ devices can be regarded
as the basis for future investigations. The potential future work can be summarised in

the following aspects.
> Design of Multi-channel PSJ Devices and SV GaN FET

Current PS] devices are mainly based on multi-finger layout designs, strongly

dependent on the metallization flatness and the insulator layer quality in designing
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large-area devices. The finger resistance is also essential to the manufactured
performance of devices. Other types of layout designs also show the advantages in
different aspects, such as serpentine can remove the overlap region, checkboard and
hexagon can reduce the resistance between the active area to the Pad. The type of
layout should not be restricted to a simple way. Diversified layout patterns can be

applied in the design of devices.
> Implementation of Fabricating Multi-channel PS] Devices and SV GaN FET

With the development of wafer growth technology such as MOCVD, multi-layer
wafers will be more accessible. The required type of wafer for fabricating both lateral
and vertical multi-channel PSJ can be implemented. The fabrication process also needs
to be optimized, especially the controllability of the etching process. It is crucial to

have a precise etch depth.

» Performance of Multi-channel PSJ Devices and SV GaN FET

a) The phenomenon of current collapse is a severe shortcoming in GaN HEMT
technology. Therefore, investigating the current collapse in multi-channel PS]
devices is exceptionally essential.

b) Temperature-dependent on on-state characteristics, off-state leakage,
breakdown performance and device Capacitance in multi-channel PS] devices
need to be investigated. This will pave the way forward to evaluating these
devices' high-temperature operation capability.

c¢) Dynamic performance through switching measurements. The main
applications of GaN-based devices are in high-frequency switching. Hence,
extensive evaluation of resistive and inductive switching performance will be

necessary.

> Improvement of Multi-channel PS] Devices and SV GaN FET

There are also some limitations in multi-channel PSJ devices, which need to improve.

At the edge of the device active region, the leakage is more significant than in
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conventional lateral devices and with the increasing device thickness, the
controllability from the gate also needs to be enhanced and optimized.

In summary, GaN-based multi-channel PS] devices are expected to play an essential

role in the next generation of power semiconductor devices.
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