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Abstract 

GaN Polarisation Superjunction (PSJ) technology utilises charge balance concepts 

using the polarisation effects in GaN, significantly enhancing the blocking voltage of 

GaN power devices. Due to these advantages, it has become one of the promising 

candidates for the next generation of GaN Power technology.  Further exploring 

findings of the characterisation of the PSJ power devices are introduced in this thesis. 

POWDEC.K.K, Japan, is one of the first companies which started to investigate PSJ 

technology. They have made several new PSJ power devices and presented their 

electrical performances based on their mature and complete technologies, including 

GaN wafer epitaxial growth, wafer process fabrication, dicing and packaging[1], [2]. 

The findings obtained from the POWDEC.K.K PSJ samples include (1) the impacts 

from the top u-GaN and AlN nucleation layer on the sheet density of 2DEG and 

2DHG, (2) the mechanisms of the current saturation of PSJ diodes and (3) gate 

reliability and leakage performance of PSJ HFETs. Moreover, the performances of the 

PSJ-on-Si power devices obtained from the fabricated samples in Sheffield are also 

introduced in this thesis.  

The impacts from the top u-GaN layer thickness on the sheet density of 2DEG and 

2DHG in u-GaN/AlGaN/u-GaN double heterostructures are analysed through the 

theoretical model. It found that the top surface potential determines the relationship. 

Under the free surface condition, the sheet density of 2DHG is inconsistent with u-

GaN thickness. However, the sheet density of 2DHG rises when the Schottky surface 

conditions are introduced. Similar conclusions can be drawn from the PSJ 

heterostructures with a P-GaN cap layer. Furthermore, the AlN nucleation layer 

effects on the 2DEG sheet density are relevant to the relationship between the AlN 

nucleation layer and u-GaN buffer layer thickness.  

The current saturation behaviour and the saturation mechanisms of the unipolar 

power GaN diodes: Conventional AlGaN/GaN diode and PSJ hybrid diode are firstly 

reported and discussed. It is found that velocity saturation, together with the minimal 
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conductivity modulation induced by the minority carrier in the drift region, is the 

main reason for the saturation behaviour in these two diodes. Moreover, a unique 

current saturation behaviour of the forward I-V characteristics of the bipolar PSJ PiN 

diode is also discussed. The negligible and localised conductivity modulation is one 

of the critical causes of this phenomenon. Moreover, according to the simulation 

results, trap-induced velocity saturation is also responsible for the current saturation 

behaviour in the PSJ PiN diodes. 

The shift in threshold voltages (Vth) of 1.2 kV P-GaN ohmic-gate Normally-on 

Polarization Superjunction (PSJ) HFETs is reported for the first time. A comprehensive 

analysis of threshold voltage shifts and recovery processes under different gate stress 

voltages and temperatures is presented. Temperature effects on the Vth shift are also 

evaluated. Compared with the P-GaN gate HEMTs, the Pulsed Id-Vd results confirm 

that the current collapse induced by the Vth instability is relatively low in PSJ HFETs. 

Moreover, the Vth shift in 1.2kV PSJ Schottky gate HFETs is also investigated. 

The characteristics of the P-type ohmic gate leakage current is also examined. And its 

unique saturation behaviour is presented and explored. Finally, it details how the 

leakage current operates in the saturation and non-saturation regions.  

The fabrication process flow and electrical performances of the PSJ-on-Si power 

semiconductor devices at the University of Sheffield are firstly presented. It includes 

the on-state and breakdown characteristics of PSJ HFETs and PSJ hybrid diodes. 

Furthermore, the current density and specific on-state resistance are also studied as a 

function of the finger length, quantity and temperature.  
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Chapter 1. Introduction 

1.1. Overview 

The International Energy Outlook 2021 states that total world energy 

consumption has grown from around 550 quadrillions (1015) British thermal 

units(Btu) in 2010 to about 600 quadrillions Btu in 2020 shown in Figure 1.1[3]. 

Although it dropped slightly during 2020 because of the pandemic of COVID-

19 and climate change, the world’s energy consumption is predicted to be back 

to the pre-pandemic level. It will keep increasing until 2050 due to economic 

and population growth[3]. However, as Figure 1.2 illustrates, the primary 

energy consumption composition is expected to be changed in 2050 [3]. The 

 

Figure 1.1 World energy consumption: history and projection from 2010-2050 [3]. 
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renewable energy source is projected to increase from around 15% in 2020 to 

25% in 2050. Still, the traditional fossil fuel, including coal, natural gas, 

petroleum and other liquids, will decrease due to the lowering of greenhouse 

gases emission and minimising the global warming effects. 

However, renewable energy sources cannot be regarded as a reliable supply of 

energy to support economic growth and technological advancement. 

Moreover, due to the high expenses of equipment and transportation, the price 

of renewable energy is much higher than that of fossil fuel, causing more severe 

problems in economic growth and other social issues. 

Energy efficiency improvement and waste reduction are hot topics because of 

the rising demand for energy and the anticipated shortage in the following 

decades. Electricity power, a renewable source, is widely used in power 

 

Figure 1.2 Share primary energy consumption by source in 2020 and the prediction in 2050[3]. 
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electronic systems. Enhancing energy efficiency and reducing energy waste in 

power electronic systems are therefore essential  

Power electronic systems have various applications due to the widespread and 

rapid advancement of electronic technology over the past few decades. Yole 

development reported the status of the power electronic industry applications 

in 2021[4]. According to the die current and the device blocking voltage of 

power electronics, the applications range from consumer applications, home 

appliances, and lighting to industrial motor drives, power supply, wind 

energy, automotive, rail, electricity grid, etc. [4].    

 

Figure 1.3 Power electronics applications[4]. 

 

Fig 1.3  Power electronics applications 
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1.2. Introduction of Power semiconductor devices 

Power semiconductor devices play a critical role in power electronic systems. 

Due to the wide range of applications mentioned above, the devices are 

required to operate under different conditions to meet the various 

requirements. Figure 1.4 presents the positioning of the power semiconductor 

devices technology concerning the operating frequency in 2021[5].Silicon(Si) 

power devices, including Si thyristor and IGBT (Insulated Gate Bipolar 

Transistor), are mainly operated under relatively low operating frequency 

(below 104 Hz) but relatively high switching power[5]. However, metal-oxide 

semiconductor field-effect transistors (Si MOSFETs) are employed at a 

relatively higher frequency.  

Recently, Wide Band Gap (WBG) material-based, such as silicon carbide (SiC) 

and gallium nitride (GaN), power devices are emerging as competitive 

alternatives which are due to their inherent material properties. As Figure 1.4 

 

Figure 1.4 Power device technology positioning in 2021[5]. 
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illustrates, GaN-based power devices are gaining popularity because of their 

extremely fast switching speed and relatively low switching loss[5]. However, 

compared with Si and SiC-based power devices, GaN-based power devices are 

mainly utilised for low-power applications (the maximum rated voltage for 

commercial GaN power devices is below 650V). Therefore, the technology for 

enhancing the breakdown voltage for GaN power devices is becoming essential. 

GaN Polarisation Superjunction (PSJ) technology combines the polarisation 

effects and superjunction technology, significantly increasing the breakdown 

voltage of GaN power devices (over 2kV). All these advantages make GaN PSJ 

power devices the most competitive candidates for next-generation technology 

for GaN power devices. 

However, as an emerging technology, more topics on the characterisation of 

GaN PSJ power devices are still under investigation to further understand their 

mechanisms and improve their performances. This thesis is devoted to 

exploring the impacts from the top u-GaN and AlN nucleation layer thickness 

on the sheet density of 2DEG and 2DHG, respectively, the performances of the 

PSJ power devices on Si substrates, PSJ diode current saturation behaviour and 

PSJ gate performance and reliability.   

1.3. Thesis organisation 

The structure of the thesis is as follows:  
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The background information about the current condition, energy consumption 

projections, and the use of power electronic devices are briefly introduced in 

Chapter 1.  

GaN material physical characteristics and the basic idea of polarisation effects 

in AlGaN/GaN heterostructures are initially covered in chapter 2. Additionally, 

the origin of 2DEG and the fundamental electric properties of the GaN High 

Electron Mobility Transistor (HEMT) in the context of the application to power 

devices are presented. Moreover, examples of the device structures and 

operational principles in both the on-state and off-state are given. However, 

because of the uneven electric field distribution, conventional AlGaN/GaN 

HEMTs are unable to block the high voltage. Additionally, examples of the 

RESURF and Field-plate approaches for managing the electric field, frequently 

employed in conventional GaN power devices, are provided. Additionally, the 

operational principles of the PSJ Heterostructures Field effect transistors 

(HFETs) and diodes, as well as the polarisation Superjunction (PSJ) as a 

compensation idea for optimising the electric field distribution and boosting 

the breakdown voltage are discussed in detail.   

Theoretical analysis of the 2DEG and 2DHG sheet densities in various PSJ 

heterostructures is covered in Chapter 3 as a function of the top u-GaN layer. 

Following the theoretical analysis approach and measurements, the effects of 

the SiO2 passivation layer, such as thickness and other impacts, on the density 
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of 2DEG and 2DHG are examined. Furthermore, the impacts of introducing the 

AlN nucleation layer in the PSJ heterostructures on the sheet density of 2DEG 

are also reported.  

Chapter 4 describes the details of the PSJ-on-Si power devices fabricated at the 

University of Sheffield, including the fabrication process flow, alignment rules, 

mask design and electric performance. Also, the measured on-state 

performance and breakdown performances of PSJ HFETs and diodes are 

presented.  

In chapter 5, the threshold voltage (Vth) shift mechanisms of 1.2kV P-GaN gate 

PSJ HFETs are investigated based on the pulsed-mode measurement results 

under different gate stress voltages. Furthermore, the temperature effects on 

the shifts are also discussed. As a comparison, the Vth shift performances are 

also investigated in PSJ Schottky gate HFETs.  

In chapter 6, the PSJ diode current saturation behaviour is first reported, and 

their mechanism is investigated. The current saturation behaviour of the 

unipolar GaN power diodes, including the PSJ hybrid diode and conventional 

AlGaN/GaN diode, is discussed. Velocity saturation in the pinch-off region is 

the main cause of this phenomenon. However, the current saturation behaviour 

mechanisms in the bipolar PSJ PiN diode are different. The localised and 

negligible conductivity modulation, together with the trap effects, causes 

saturation behaviour. 
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In chapter 7, the gate leakage current mechanisms of P-GaN gate PSJ HFETs 

are reported and discussed in detail. 

The study described in this thesis is concluded in Chapter 8, and future 

research and future research work are also discussed. 
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Chapter 2. Background of Gallium Nitride (GaN) HFETs 

The physical material properties of Gallium Nitride (GaN) are first mentioned 

in this chapter. The polarisation effects and the origin of 2DEG in the 

AlGaN/GaN heterostructures are then thoroughly explored. The operation 

principles and electrical characteristics of conventional AlGaN/GaN High 

Electron Mobility Transistors (HEMTs) are also introduced. The technologies 

for managing the electric field in power devices are also presented, including 

the field plate (FP), RESURF, and Superjunction (SJ) technologies. Finally, the 

concept and structure of GaN Polarisation of Superjunction (PSJ) are 

introduced and their advantages are explained. 

2.1. GaN Material Property 

One of the III-V wide bandgap semiconductor materials is gallium nitride 

(GaN) [6]. Table 21 lists some of the inherent Si properties as well as the key 

wide bandgap semiconductor features for Si, diamond, 4H-SiC, and GaN[7].  

Wide bandgap semiconductor materials, such as 4H-SiC and GaN, can attain 

greater breakdown voltages than Si because they have a higher critical electric 

field [8]. Si, GaN, and diamond, which have high electron mobility, may have 

comparatively low on-state resistance and fast switching speed, indicating that 
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they have low conduction and switching losses. The saturation velocities of 

GaN and SiC are almost double for Si, representing that they can operate at 

higher switching frequencies.  

The critical parameters for assessing the performances for various purposes are 

the Figure of Merits (FOMs) for power devices, which mainly depend on the 

inherent material properties. The major FOMs of the semiconductor materials 

are presented in Table 2-1[9], [10]. Some of the critical indexes are introduced 

below. Baliga’s Figure of Merit(BFOM), which is used to assess the conduction 

loss of power devices, is the product of on-state resistance and breakdown 

Table 2-1  intrinsic Si and major wide bandgap semiconductor properties[7] 

Property Symbol(unit) Si 4H-SiC GaN diamond 

Bandgap, Eg(eV) 1.12 3.26 3.39 5.47 

Electron 

Mobility  

µ(cm2/V.s) 1400 950 1500 1800 

Saturation 

velocity 

Vsat (107 cm/s) 1 2 2.5 2.7 

Critical 

Electric field 

Ec(MV/cm) 0.23 2.2 3.3 5.6 

Relative 

permittivity 

εr 11.8 9.7 9 5.7 

Thermal 

conductivity 

λ(W/m·Κ) 150 380 130 2000 

 

 

 

Table 2-2 Main figures of merit for WBG semiconductors compared with Si[9], [10] 

FOM Si 4H-SiC GaN Diamond 

BFOM 

(εr·μ·Ec³) 

1 488 2414 8964 

BHFOM 

(μ·Ec2)  

1 62 221 762 

JFOM 

(Ec·vsat/2π)2  

1 366 1287 4322 

KFOM 

(λ·√(vsat/εr))  

1 4.0 1.6 31.5 

HMFOM

（Ec√𝜇） 

1 7.5 8 23.8 

HCAFOM 

（εr  √𝜇Ec2） 

1 65.9 61.7 220.5 

HTFOM ( 𝜆/

εr ∙ Ec) 

1 0.6 0.1 1.7 
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voltage[11], [12]. The relative dielectric constant, electron mobility and critical 

electric field of the materials all affect this index. The product of the electric 

critical field and charge carrier saturation velocity is known as Johnson’s figure 

of merit (JFOM). 

Moreover, it is employed to calculate the maximum breakdown voltage and 

cut-off frequency. Baliga's high-frequency Figure of Merit, or BHFOM, assesses 

the switching loss of power field-effect transistors (FETs). KFOM is Keyes' 

FOM, which takes into consideration the thermal constraints on transistors' 

switching capabilities. Furthermore, several new FOMs are proposed to 

evaluate the power semiconductor devices by Alex Huang[13]. Huang’s 

material figure of merit (HMFOM) is defined as the product of the critical 

electric field and carrier mobility, which is inversely proportional to the 

minimum total power loss. It takes into account both the switching losses and 

conduction losses[13]. Huang’s device chip area figure-of-merit (HCAFOM) is 

inversely proportional to the optimal chip area. Higher HCAFOM represents 

the lower chip area[13]. Huang’s thermal figure of merit (HTFOM) is used to 

evaluate the power devices’ junction temperature rise under the given chip area 

and power losses[13].   

GaN performs significantly better on BFOM, BHFOM, and JFOM than Si and 

SiC due to its excellent electrical material properties, which were previously 

described. However, the slight improvement in the KFOM of GaN indicates 
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that the thermal performances of GaN-based power devices have no apparent 

advantages over Si devices. According to HMFOM and HCAFOM, GaN is 

eight times lower on power loss than Si and 61.7 times smaller chip area than 

Si. The minimum HTFOM of GaN indicates that it has a higher junction 

temperature rise for operating similar conditions in these four materials[13]. 

Moreover, due to these material properties, compared to Si 

MOSFETs(maximum 125 to 150oC), GaN high-electron-mobility 

transistors(HEMTs) can be operated at relatively higher temperatures(above 

400-500oC) [14]–[16], which is a noteworthy benefit of GaN-based power 

devices [17]. 
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2.2. Substrates for GaN Power devices 

The market for commercial GaN power devices is currently dominated by 

lateral GaN power semiconductor devices. High-power GaN HEMTs operate 

at high voltages and simultaneously offer low on-state resistances.  

The epitaxial crystal quality and the process significantly depend on the 

difference in the thermal expansion coefficients between the epitaxial layer and 

substrates. The increased dislocation density caused by the lattice mismatch 

between substrates and the GaN epitaxy layer possibly leads to a more 

significant leakage current under a high electric field [17]. It is detrimental to 

the static and dynamic electrical performances and the reliability of GaN power 

devices. GaN power devices can also function at high frequencies and 

temperatures because of the wide bandgap. As a result, GaN power device 

applications involving high voltage and high temperature also depend 

critically on the thermal constraints of the substrate [17]. 

GaN substrates have low thermal conductivity and no lattice mismatch, 

indicating low defect densities. The commercial market does not, however, 

favour expensive GaN materials. GaN heterostructures are subsequently 

produced epitaxially on foreign substrates [18]. The main substrates for GaN 

power semiconductor devices include sapphire, SiC, and silicon. According to 

the report[19], the first GaN transistors were grown on (0001) SiC and c-plane 

sapphire. Furthermore, due to the low costs of Si substrates, GaN-on-Si power 
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devices are becoming the leading choice for commercial GaN power devices. 

In Table 2-3 [7], the crucial characteristics of the various substrates, such as the 

dislocation density of GaN films produced on the substrate, thermal 

conductivity, lattice mismatch, and lattice thermal expansion coefficient are 

shown.  

Threading dislocation density and significant lattice mismatch produce crystal 

defects, increasing the leakage current and trap states [17]. The dislocation 

densities of GaN films produced on Si, SiC, and sapphire substrates are about 

Table 2-3 properties of different Substrates for GaN power devices[7] 

Property Sapphire SiC Si GaN 

Lattice mismatch (%) 16 3.1 -17 0 

Linear thermal 

expansion 

coefficient 

(×𝟏𝟎−𝟔𝜥−𝟏) 

7.5 4.4 2.6 5.6 

Thermal 

conductivity (W 

𝒄𝒎−𝟏𝜥−𝟏 

0.25 4.9 1.6 2.3 

Cost cheap expensive Cheap Very 

Expensive 

Dislocation density 

of GaN films grown 

on 

substrate(optimized) 

(𝒄𝒎−𝟐) 

Low 108 Low 108 Low 108 104 − 106 
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108, which is two orders of magnitude higher than GaN. Additionally, lattice 

mismatch for the epitaxially formed GaN layer (0001) on the c-plane sapphire 

and silicon substrate (111) is extremely high, at 16 and -17 percent, respectively. 

SiC substrates have the lowest lattice mismatch, with a value of just 3.1%.  

The linear thermal expansion coefficient is another critical parameter for 

evaluating the epitaxial process's substrate effects. GaN layers differ 

significantly from Si or Sapphire substrates in terms of thermal expansion 

coefficient [20]–[22]. After the temperature dropped to room temperature, 

cracks began to occur in the GaN epitaxial layer on the substrate, notably for 

the thick GaN epitaxial films. It may also cause the generation of dislocations 

and defects along the GaN epitaxial layer. 

GaN power devices work at rapid speeds and high-power densities, which 

results in significant heat generation. Heating effects degrade the current 

density and cause more power losses. As a result, another crucial factor is the 

thermal conductivity of the substrates. High substrate thermal conductivity 

helps the devices operate more effectively at high temperatures. SiC shows the 

highest thermal conductivity among three foreign substrates and becomes the 

best candidate for GaN power devices concerning thermal management. 

However, sapphire substrates have recently become more appealing for 

commercial use, including power integration applications and high-voltage 
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GaN power devices. The first GaN-on-sapphire power Integrated (IC) die was 

commercially available from Power Integrations in 2019 [23]. 

Moreover, Transphorm Inc. presented the first commercial 1200V GaN-on-

sapphire power transistor with 99% efficiency power switching at ISPSD in 

2022[24]. Even though the SiC substrate has a low lattice mismatch and good 

thermal conductivity, enabling it to be an ideal substrate for GaN high-power 

devices, the commercial market does not favour SiC due to its high cost. 

However, the sapphire substrate has lower manufacturing cost and is less 

influenced by temperature in manufacturing. These advantages make it one of 

the most competitive candidates for GaN power devices[24]. 

Although Transphorm Inc. has proved that GaN-on-sapphire shows good 

electrical performances and will be commercially available[25], the sapphire 

substrate is facing challenges. Low thermal conductivity and high lattice 

mismatch of sapphire substrates still need to be solved[24].  
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2.3. Polarisation Effects 

III-V compound semiconductor materials have wide applications in power, 

optoelectronic and RF-related semiconductor devices. The crystal formations 

of wurtzite, zinc blende and rock salt make up the three most prevalent III-V 

semiconductor materials. Furthermore, the wurtzite structure is the major 

crystal structure of the III-N(Nitride) semiconductors, including GaN, AlN, 

and InN [26]. The hexagonal close-packed (HCP) structure of wurtzite is 

depicted in the axial direction along the c-axis [0001] with the Ga- or N-face at 

the crystal's surface, respectively, as Figure 2.1 shows[7].  

The chemical bond between Gallium and Nitride is ionic because the 

electronegativity of Ga and N atoms differs from one another. It demonstrates 

the reversed direction along the c-axis in the wurtzite structure with Ga- and 

N-face at the crystal surface, resulting in the various electrical properties in 

 

Figure 2.1 Wurtzite-type Hexagonal GaN crystal structure with Ga- or N-face at the surface of the 

crystal[7]. 
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GaN-based devices with Ga- and N-face. In III-nitrides semiconductors, there 

are two polarisation effects: spontaneous polarisation and piezoelectric 

polarisation [27]. 

 Spontaneous Polarisation 

Due to the difference in electronegativity between Ga and N atoms, 

polarisation results in a dipole leading to the spontaneous polarisation that 

occurred in the crystal structure of wurtzite GaN[27]–[29]. When an atom 

creates chemical bonds with other atoms, its ability to attract the shared 

electrons is known as electronegativity. In the GaN semiconductors, the 

electronegativity of nitrogen is higher than that of gallium. N atoms attract the 

shared electrons and show cationic (-) characteristics. Conversely, Ga atoms 

 

Figure 2.2 Spontaneous polarisation (Psp) coefficient in AlxGa1-xN, InxGa1-xN and AlxIn1-xN as a function 

of Al mole fraction(x) [32]. 
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show anionic characteristics. Therefore, electrical polarisation exists at a dipole 

across the chemical bonds [30]. GaN wurtzite crystal structure is not centro-

symmetrical along the c-axis[31]. Thus, the polarisation at the dipoles from 

different orientations is neutralised inside the GaN material. However, the 

asymmetry of polarisation happens at the surface of GaN material, causing the 

net macroscopic polarisation, referred to as spontaneous polarisation (Psp). 

Therefore, based on the prior explanation, the orientation of Psp in the crystal 

structure of wurtzite GaN is parallel to the c-axis. GaN, AlN, and InN each have 

spontaneous polarisation coefficients of 0.029, 0.081, and 0.032 C/m2, 

respectively.  

The expression of the spontaneous polarisation for AlxGa1-xN, which mostly 

depends  on the mole fraction of Al(x),  is [32][33]: 

 

Figure 2.3 Theoretical calculation results of the piezoelectric polarisation charge density as a function mole 

fraction of Al or In in AlxGa1-xN, InxGa1-xN and AlxIn1-xN[7]. 
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𝑃𝑠𝑝(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) = −0.09𝑥 − 0.034(1 − 𝑥) + 0.021𝑥(1 − 𝑥) 𝐶 𝑚2⁄  (2.1) 

Similar to this, Al mole fraction(x) and Psp in AlxGa1-xN, InxGa1-xN, and 

AlxIn1-xN are also provided in  Figure 2.2[32][33]. 

 Piezoelectric Polarisation 

The mechanical stress or strain results in the polarisation effects and lattice 

mismatch because of the various lattice constants between different 

semiconductors. Thus the electric polarisation is named piezoelectric 

polarisation (PPZ). The mechanisms of piezoelectric polarisation are explained 

in Figure 2.4 [32].  

As a result of a symmetrical tetrahedral crystal structure, the internal 

polarisation vectors (P1+P2+P3+P4) between Ga and N atoms are equal to zero. 

However, due to the lattice mismatch, the tensile stress is generated in the 

 

Figure 2.4 The polarisation field exists in the ionic bonds of the GaN tetrahedron structure with (right) 

and without (left) the mechanical stress[7]. 
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tetrahedral crystal structure of GaN. Therefore, as Figure 2.4 shows, when 

tensile stress is applied, angle 2 widens more than angle 1, resulting in a net 

polarisation field and an unbalanced polarisation electric field equivalent to PPZ 

(P1+P2+P3+P4= PPE) along [000-1]. On the contrary, in the case of N polarity, a 

similar net polarisation exists in the GaN tetrahedron, but the direction is 

reversed [0001] [7]. Figure 2.3 demonstrates the charge density caused by the 

piezoelectric polarisation of AlxGa1-xN, InxGa1-xN, and AlxIn1-xN as a function of 

the mole fraction x [7]. 

In contrast, when a compressive strain is applied, angle 2 shrinks to a smaller 

value than angle 1, creating net polarisation in the [0001] direction for Ga 

polarisation and the [000-1] direction for N polarisation. [34]. 

F.Bernardini [10] reported that the expression of piezoelectric polarisation PPZ 

is: 

𝑃𝑃𝑍 = 2
𝑎 − 𝑎0

𝑎0
(𝑒31 − 𝑒33

𝐶13

𝐶33
) (2.2) 

The material's lattice constants are represented by 𝑎  and 𝑎0 , while the 

piezoelectric constants along the (x,y) and (z) directions are represented by e31 

and e33. The elastic constants are denoted by C13 and C33. The piezoelectric 

polarisation constants of the GaN, InN and AlN binary semiconductor devices 

are displayed in Figure 2.5 [10][35]. 
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However, for AlxGa1-xN, InxGa1-xN, and AlxIn1-xN, the lattice constant 

varies with the mole fraction (x) of metal (Al or In). From Figure 2.5, the 

relationship between the lattice constant and the mole fraction of Al or In is 

linear [9]. As a result, the piezoelectric polarisation follows equation (2) and is 

inversely proportional to the mole fraction of Al or In. The piezoelectric 

polarisation charge density in AlxGa1-xN, InxGa1-xN, and AlxIn1-xN is 

calculated as a function of the mole fraction of Al or In, assuming that they are 

all grown on a relaxed GaN layer[19][31]. The piezoelectric polarisation charge 

density for AlxGa1-xN/GaN exhibits a declining linear trend as the mole fraction 

of Al and In rises [7].  

 

Figure 2.5 the theoretical and experimental lattice constant of AlxGa1-xN, InxGa1-xN and AlxIn1-xN at T=0K 

and 300K, respectively[9]. 
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2.4. AlGaN/GaN heterostructures and the formation of 2DEG 

 Polarisation charge 

Following the previous discussions, it is clear that spontaneous and 

piezoelectric polarisation exists in III-V nitride heterostructures 

semiconductors. Ga- and N-face spontaneous and piezoelectric polarisation 

under various stress conditions are described in AlGaN/GaN heterostructures 

[31].   

According to Figure 2.6, in AlGaN/GaN heterostructures with Ga face, the 

spontaneous polarisation in AlGaN and GaN layers is negative, indicating that 

 

Figure 2.6 Spontaneous and piezoelectric polarisation with Ga-face and N-face induced sheet charge 

density under different conditions [35]. 
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the polarisation vectors point toward the substrate [35]. In contrast, the 

spontaneous polarisation vectors in AlGaN and GaN layers have the opposite 

direction in N-face AlGaN/GaN heterostructures. It relies on the stress 

conditions, following the preceding concept of piezoelectric polarisation. When 

there is no stress between the AlGaN and GaN layer, there is no piezoelectric 

polarisation in the AlGaN/GaN heterostructures. When the tensile strain is 

delivered from the AlGaN layer to the relaxed GaN layer in the case of a Ga-

face, piezoelectric polarisation is created in the AlGaN layer. 

Moreover, piezoelectric polarisation is parallel to spontaneous polarisation. On 

the other hand, when compressive-strained GaN is formed on the relaxed 

AlGaN layer, the antiparallel piezoelectric polarisation is detected in the 

AlGaN layer. However, piezoelectric and spontaneous polarisation have 

opposite directions if it switches from the Ga face to the N face.  

The gradient of polarisation induces the sheet charge density (𝜎) because it 

generates net polarisation between the AlGaN and GaN layers (∆𝑃 ). The 

following equation reported by O.Ambacher et al. [35]can express this 

relationship : 

𝜎 = ∆𝑃 (2.3) 

𝜎 = 𝑃(𝑡𝑜𝑝) − 𝑃(𝑏𝑜𝑡𝑡𝑜𝑚) (2.4) 

= [𝑃𝑠𝑝(𝑡𝑜𝑝) + 𝑃𝑃𝐸(𝑡𝑜𝑝)] − [𝑃𝑠𝑝(𝑏𝑜𝑡𝑡𝑜𝑚) + 𝑃𝑃𝐸(𝑏𝑜𝑡𝑡𝑜𝑚)] 

 𝑃𝑠𝑝  and 𝑃𝑃𝐸  denote spontaneous polarisation and piezoelectric polarisation, 

respectively. 
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In the AlGaN/GaN heterostructures, Equation (2.4) can be expressed by: 

𝜎 = 𝑃(𝐴𝑙𝐺𝑎𝑁) − 𝑃(𝐺𝑎𝑁) (2.5) 

= [𝑃𝑠𝑝(𝐴𝑙𝐺𝑎𝑁) + 𝑃𝑃𝐸(𝐴𝑙𝐺𝑎𝑁)] − [𝑃𝑠𝑝(𝐺𝑎𝑁)] 

According to equation (2.5), the sheet polarisation charge density (𝜎) is positive 

at the heterointerface. The free electrons are accumulated to balance the 

polarisation charge density. On the other hand, positive holes can be induced 

to achieve charge neutrality by the negative polarisation charge.  

The calculation method can also be applied to double heterostructures 

GaN/AlGaN/GaN. The calculated sheet charge density as a function of the Al 

mole fraction in the N-face and Ga-face GaN/AlGaN/GaN heterostructures are 

depicted in Figure 2.7(a) and (b), respectively. The expression of the total 

polarisation sheet charge density for  N-face GaN/ AlxGa1-xN/GaN 

heterostructures as a function of Al-content is [31]: 

|𝜎(𝑥)| = |[𝑃𝑠𝑝(𝐴𝑙𝐺𝑎𝑁) + 𝑃𝑃𝐸(𝐴𝑙𝐺𝑎𝑁)] − [𝑃𝑠𝑝(𝐺𝑎𝑁)]| 

|𝜎(𝑥)| = |2
𝑎(0) − 𝑎(𝑥)

𝑎(𝑥)
{𝑒31(𝑥) − 𝑒33(𝑥)

𝐶13(𝑥)

𝐶33(𝑥)
} + 𝑃𝑆𝑃(𝑥) − 𝑃𝑆𝑃(0)| (2.12) 

For the Ga-face GaN/AlxGa1-xN/GaN, the spontaneous polarisation, 

piezoelectric polarisation, and total polarisation-induced sheet charge density 

are displayed as a function of Al-content(x) in Figure 2.7 (b) [31]. The calculated 

polarisation sheet charge density as a function of Al mole fraction in AlxGa1- 

xN/GaN, InxGa1-xN/GaN and AlxIn1-xN/GaN heterostructures are shown in 

Figure 2.8. 
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Moreover, the maximum sheet carrier concentration is expressed as a function 

 

(a) 

          

(b) 

Figure 2.7 (a)The spontaneous, piezoelectric and total polarisation sheet charge density as a function of 

Al-content in the N-face GaN/ AlxGa1-xN/GaN heterostructures(b)the polarisation induced sheet charge 

density[31]. 
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of Al content [36]: 

𝑛𝑠(𝑥) =
+𝜎(𝑥)

𝑒
− (

𝜖0𝜖𝑥

𝑑𝑒2
) [𝑒ɸ𝑏(𝑥) + 𝐸𝐹(𝑥) − ∆𝐸𝐶(𝑥)] (2.13) 

Where e is the electronic charge and d is the barrier thickness of AlxGa1-xN. 

Furthermore, 𝑒ɸ𝑏 stands for the Schottky barrier of the Schottky gate contact. 

The Fermi level and the conduction band offset are denoted by EF and ∆𝐸𝐶, 

respectively.   

 

Figure 2.8 Theoretical calculation results of the polarisation induced sheet charge density as a function of 

Al or In molar fraction(x) in AlxGa1-xN/GaN, InxGa1-xN/GaN and AlxIn1-xN/GaN heterostructures[36]. 
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 Origin of 2DEG 

M.Asif Khan et al. initially discovered that undoped Al0.13Ga0.87N/GaN 

heterostructures contain two-dimensional electron gas (2DEG) with a sheet 

density of 2.6×10-12 cm-2 at 7 k [37]. Moreover,2DEG mobility was 834 cm2/Vs at 

room temperature [37]. With decrease in temperature, 2DEG mobility 

monotonically increased and gradually saturated at 2626 cm2/Vs at 77K [37]. 

At present, the surface-donor model is widely accepted as the main theory of 

the origin of 2DEG. J.P.Ibbetson et al. [38] formulated and then experimentally 

supported the theory of the origin of 2DEG in AlGaN/GaN HFETs. According 

to electrostatics theory, the surface states are relevant to the source of 2DEG. 

Figure 2.9 shows the AlGaN/GaN conduction band diagram with different 

space charge components:(1) negative charge due to 2DEG(ns);(2) polarisation-

induced charges located at the AlGaN/GaN hetero-interface(σPZ);(3)the 

 

Figure 2.9 conduction band diagram of AlGaN/GaN HFET with different space charge components [38]. 
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ionised-donors induced sheet charge in the AlGaN(σAlGaN);(4)the ionised-

surface-states induced charge(σsurface); and,(5)buffer charge(σbuffer).According to 

the theory of the polarization, the total polarization-induce charges composed 

by the a dipole contributes zero to the total space charge in the AlGaN/GaN 

heterostructures. Moreover, the magnitude of the buffer charge is assumed as 

low as possible in the well-designed FETs and can be neglected. Therefore, the 

space charges should follow the charge neutral principles, indicating that the 

2DEG sheet density is equal to the sum of the σsurface and σAlGaN. In the undoped 

AlGaN/GaN heterostructures, σAlGaN is zero, representing that sheet density of 

the 2DEG is dominated by the surface states. The idea argues that the ionised 

 

Figure 2.10 schematic band diagram of the surface-donor model under different AlGaN 

thicknesses:(a)less than(b)more than the critical thickness. (C)The theoretical relationship between 2DEG 

density and AlGaN barrier thickness is based on the surface donor model[38]. 
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donor or acceptor-like surface states have a significant influence on the 2DEG 

sheet density. This is called the surface-donor model. 

Figure 2.10 demonstrates the relationship between the AlGaN barrier thickness 

and 2DEG sheet density [38]. Based on the surface donor model, electrons 

cannot transfer to the AlGaN/GaN interface when the surface donor energy is 

below the Fermi level, and the AlGaN barrier thickness is below the critical 

thickness. However, once it reaches the critical thickness, the surface donor 

energy hits the Fermi level, allowing electrons to move from the filled surface 

states to the AlGaN/GaN interface as illustrated in Figure 2.10 (b) [38]. 

Figure 2.11 demonstrates the relationship between 2DEG density and AlGaN 

thickness, including measured and calculated results [39]. When the AlGaN 

 

Figure 2.11 shows the measured and calculated 2DEG sheet density as a function of Al0.34Ga0.64N barrier 

thickness at room temperature [39]. 
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thickness goes above the critical thickness, it is possible to see that 2DEG 

density increases (around 3nm) and then gradually saturates. This trend is 

        

       (a) 

 

(b) 

Figure 2.12  The relationship between 2DEG and 2DHG sheet density and carrier mobility as a function 

of GaN cap layer thickness in GaN/AlGaN/GaN double heterostructures [33]. 
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consistent with the outcome obtained based on the theory of the surface-donor 

model. However, other models, such as surface-pinning model, can also 

explain the data shown in Figure 2.11.And other questions in the surface donor 

model, for example, whether the surface donors are intrinsic or impurity-

related, are still unknown. Therefore, although the surface-donor model is 

controversial and debatable, it is the widely accepted theory of the origin of 

2DEG.  

Heikman et al. also reported similar research findings, which also supported 

the theory of the surface donor model [39]. The 2DEG density and hall mobility 

is also provided as a function of AlGaN thickness in Figure 2.12(a)  [39].  

 

Figure 2.13 schematic band diagram of (a) AlGaN/GaN heterostructures; GaN/AlGaN/GaN double 

heterostructures with a(b) thin GaN cap layer(C) thick GaN cap layer [39]. 
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Moreover, GaN cap layer thickness impacts sheet density and hall mobility are 

also documented in Figure 2.12 (b) in GaN/AlGaN/GaN double 

heterostructures. As the thickness of the GaN cap layer increases, the density 

of the 2DEG density decreases, going from about 1.3×1013 cm-2 with no cap layer 

to 0.7×1013 cm-2 with a 20nm GaN cap layer. The 2DEG sheet density reaches 

saturation at a thickness greater than 20nm. However, no 2DHG is seen when 

the GaN cap layer thickness is less than 17nm, and 2DHG density increases 

when the thickness is more than 17nm. The carrier hall mobility slightly 

decreases with the rise of the 2DEG sheet density. The reduction in mobility is 

caused by the increased coulomb scattering. 

Figure 2.13 explains the reasons based on the surface donor model. In 

AlGaN/GaN heterostructures, donor states at the surface hold the Fermi level 

 

Figure 2.14 2DEG sheet density as a function of Al composition of AlGaN in AlGaN/GaN heterostructures 

[40]. 
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in place. When a GaN cap layer is grown on top of AlGaN/GaN 

heterostructures, negative polarisation charges are generated at the hetero-

interface, raising the electric fields in the AlGaN layer and lowering the 2DEG 

density. As the GaN cap layer gets thicker, the valence band level rises. Until 

the thickness exceeds the critical thickness and the valence band energy reaches 

the Fermi level, 2DHG is formed at the GaN cap layer/AlGaN interface. 

 In addition, the 2DEG sheet density is also varied with the Al content of AlGaN 

and the relationship is reported in [40]. Figure 2.14 illustrates the linear 

relationship between 2DEG sheet densities and Al composition.   
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2.5. Conventional AlGaN/GaN High Electron Mobility Transistor (HEMT)  

  Heterostructures based field-effect transistors were first invented through the 

MBE-grown doped GaAs/n-AlGaAs in 1980 [41]. Conventional AlGaAs/GaAs 

HEMTs are grown on the GaAs substrate. Additionally, it contains the n-type 

doped AlGaAs layer as well as the undoped AlGaAs space layer and GaAs 

layer. 2DEG is constrained at the AlGaAs/GaAs heterointerface. The n-doping 

concentration and the electronic states at the AlGaAs/GaAs interface potential 

have the most remarkable effects on the 2DEG concentration(roughly 1.0×1012 

cm-3 )[42]. 

Conventional AlGaN/GaN HEMTs were firstly invented in 1993[43], [44]. 

Compared with the AlGaAs/GaAs HFETs, conventional AlGaN/GaN HEMTs 

have a simplified structure but have similar electrical characteristics. The 

diagram below depicts the schematic cross-section of the conventional 

AlGaN/GaN HEMTs in Figure 2.15 [45].  

 

Figure 2.15 The schematic cross-section of conventional AlGaN/GaN HEMTs [45]. 
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AlGaN/GaN HEMTs frequently use Si, SiC, or sapphire substrates. Above the 

substrate, a buffer layer made of GaN or AlN, an undoped GaN layer, and a 

barrier layer made of undoped AlGaN are all consecutively grown. On the 

AlGaN layer, there are three electrodes: the gate (G) contact forms the Schottky 

contact, while the source (S) and drain (D) contacts are Ohmic to the 2DEG.  

Due to the high mobility and high density of 2DEG, AlGaN/GaN HEMTs have 

low conduction and switching losses, making them one of the most appealing 

alternatives for power electronic applications.   

 The operation principle of conventional AlGaN/GaN HEMTs 

Conventional AlGaN/GaN HEMTs are lateral devices. 2DEG channel forms the 

conduction path when no gate biases are applied, representing that they are the 

normally-on devices. Therefore, the expression of Vth in the conventional 

AlGaN/GaN HEMTs is [34]: 

𝑉𝑡ℎ = 𝜙𝑏 −
∆𝐸𝑐

𝑒
− 𝑉𝑝 −

𝑒𝑑

휀
(𝜎 + 𝑁𝐵𝑊𝑑) (2.15) 

Where 𝜙𝑏 is the Schottky barrier height of the gate,∆𝐸𝑐 denotes the conduction 

band offset, d is the total thickness of the AlGaN barrier layer, and 𝜎 denotes 

the interfacial polarisation charge. 𝑁𝐵 and 𝑊𝑑 denote the doping density in the 

bulk and depletion width in the channel, respectively. 𝑉𝑝 = 𝑞𝑁𝑑𝑑𝑑
2/2휀 , 

where 𝑁𝑑 is the AlGaN barrier layer's donor concentration, and 𝑑𝑑 is the doped 

thickness of the barrier layer. 휀 is the dielectric constant of the AlGaN barrier 

layer. Based on equation (2.15), the AlGaN barrier layer thickness, Al content 
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and the barrier height of the Schottky gate are varied to alter the 2DEG sheet 

density, which primarily determines the threshold voltage.  

Figure 2.16 depicts the conduction band diagram of AlGaN/GaN HEMTs under 

different gate voltages [46]. Under the positive gate bias, the 2DEG channel is 

not depleted. When it becomes negative but higher than the threshold voltage, 

the conduction band are lifted, causing the reduction of 2DEG sheet density. 

However, when the gate voltage is lower than the threshold voltage, no 

quantum well can store 2DEG at the AlGaN/GaN interface when the 

conduction band is above the Fermi level.  

 

Figure 2.16 conduction band diagram under different gate voltage(a)Vg is positive (b)0<Vg<VTh (C) Vg>VTh 

[46]. 
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Figure 2.17 explains the on-state and off-state operating principles of an 

AlGaN/GaN HEMT. Electrons flow through the 2DEG channel when the gate 

voltage rises beyond the threshold voltage. However, the 2DEG channel is 

depleted under the Gate region, disrupting the conduction path. Figure 2.17 (b) 

depicts the high electric field between positive polarisation charges in the 

depletion area and the gate electrode with negative biases causing the electric 

field to be crowded near the drain-side edge of the gate [47]. The electric 

breakdown of conventional AlGaN/GaN HEMTs occurs due to the high electric 

field peak exceeding the critical electric field. Therefore, enhancing the 

breakdown voltage is their main challenge for high-power applications. 

  

 

Figure 2.17 Schematic of a conventional HFET in (a) the ON-state and (b) the off-state[47]. 
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 Introduction of field-plate technology 

Several Field plate (FP) technologies are studied by W.saito et al. [48] for 

optimising the electric field management in AlGaN/GaN HEMTs to improve 

the inhomogeneous electric field distribution of the AlGaN/GaN HEMTs in the 

off-state. Single Field plate design (FP) was analysed in [48]. Several research 

also reports similar results of FP technology [49]–[53]. Figure 2.18 depicts the 

electric field distribution along the 2DEG channel with and without a single FP. 

The drain-side edge of the gate has a crowded electric field without using single 

FP technology, causing an extremely high electric field peak and low 

breakdown voltage (BV=100V). However, the highest electric field peak is 

 

Figure 2.18  Cross-sectional structures of fabricated AlGaN/GaN HEMT with field plate structure (FP-

HEMT) and electric field distribution along with the AlGaN/GaN interface layer with field plate (solid 

line) and without field plate (broken line)[54]. 
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suppressed and shifted from gate to drain through FP design. Thus it optimises 

the electric field profile and enhances the BV from 100V to 600V. The single FP 

technique can increase not only breakdown voltage but also decrease gate 

leakage and hot electron generation[48]. Although the electric field peak of 

AlGaN/GaN HEMTs is somewhat flattened by the single FP design, the 

presence of these two peaks in the electric field profile suggests that the electric 

field distribution may be further optimised. Therefore, the double Field plate 

design was discussed in detail [54], which is thought to be a significant 

improvement in the breakdown voltage compared with the single FP design. 

Compared with the single FP technology, a drain field plate was added in the 

double FP design to suppress the high electric field peak at the drain, which is 

where the electric breakdown occurs in the single FP design GaN HEMTs. 

 

Figure 2.19 Comparison of electric field profile between single and double FP technology during off-

state[54]. 
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 Figure 2.19 presents the AlGaN/GaN HEMT cross-section with single and 

double FP technologies and also depicts the electric field distribution at 

Vds=400V and Vgs=-6V. The electric field peak at the drain is successfully 

controlled once the drain field plate is introduced.  

Figure 2.20  displays how the double FP method improves the breakdown 

voltage of the AlGaN/GaN HEMTs. Although the electric field profile of the 

Double FP design GaN HEMTs is far better, it is not the perfect box-shape 

distribution, indicating that the double FP technology is not ideal for enhancing 

the breakdown voltage. Meanwhile, the fabrication process becomes more 

complicated when increases the number of field plates in AlGaN/GaN HEMTs. 

Moreover, the single FP, multiple FP, and slant FP technologies are also 

suggested to lower the electric field peak and improve the electric field 

 

Figure 2.20  The breakdown voltage of AlGaN/GaN HEMTs with single and double FP technology as a 

function of field plate length[54]. 
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distribution at the off state, respectively, in [51], [52], [55]. Although the 

recently published FP designs are very effective at enhancing the breakdown 

voltage of AlGaN/GaN HEMTs, precisely controlling the thickness of the 

dielectric layer, which is crucial for lowering the electric field peak, is highly 

challenging [56]. 
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  Introduction of the RESURF concept 

The concept of a reduced surface electric field (RESURF) was initially put forth 

by Appels and Vaes [57][58] for Silicon power devices. It is one of the most 

essential methods to optimise the electric field profile for lateral power devices. 

Figure 2.21 illustrates the lateral PN diode with RESURF technology[57][58]. 

Compared with conventional PN diode, the p+ region, a thin n-type epitaxial 

layer and n+ region are grown on a low-doped p-doped substrate. 

 For a conventional diode, the depletion region is generated between the 

junction of the P+/ N- region. The electric field peak is close to the anode, and a 

triangle-shaped electric field profile is observed. With the increase in the 

reversed bias, the depletion region is extended laterally until the lateral surface 

breakdown happens.  

However, due to the vertical n-epitaxial/p-substrate junction, RESURF 

technology enables the vertical (P-sub/N-epi) and lateral junction (P+/N-epi) to 

deplete simultaneously. It aims to make the vertical junction reach the critical 

 

Figure 2.21 The schematic cross-section of the PN diode with RESURF technology [57] 
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electric field before the lateral junction by precisely controlling the charge 

density of the n-epi, causing a larger lateral depletion region. 

Moreover, it also discussed n-epi thickness influences on the blocking voltage 

performances of RESURF technology. Figure 2.22(A) shows the diode's electric 

field and potential distribution with a thicker n- region. Under these 

circumstances, the lateral junction reaches the critical electric field firstly, which 

represents the breakdown that firstly occurs at the surface P+/N- junction. 

However, when the thickness of the n-epi layer reduces from 50um to 15um, 

the P+/N- junction at the surface will be depleted until the depletion region 

approaches the N+ region, and the N-/P-substrate vertical junction will reach 

the critical electric field firstly. A larger lateral depletion region and 

symmetrical electric field profiles are obtained at the thickness equal to 15um. 

 

Figure 2.22 Th electric field distribution and potential lines in bulk and at the surface under various tepi:(A) 

50um at BV=370-470V;(B)for 15um at BV=1150V [57]. 
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It also found that the BV rises from 370-470V to 1150V when the n-epi thickness 

drops from 50um to 15um.  

In conclusion, it was discovered that the N-epi layer's charge density would 

determine the blocking voltage performance of RESURF technology. To further 

optimise the high-voltage performances of RESURF power devices, double 

RESURF [57], [59], [60] and multiple/3D-RESURF technologies[61], [62] are 

investigated and discussed. 
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 Introduction of Si Superjunction  

Superjunction (SJ) technology has been used in Si power devices for many years 

and is a mature technology. It helps silicon power devices overcome the Si 

material limit and reach remarkable results based on the charge balance 

concept in the drift region[62][63]. Compared with the conventional Si power 

devices, Si super-junction devices are composed of thin, highly doped N-pillar 

and P-pillar, as shown in Figure 2.23[64]. The Si power MOSFETs [65] and 

diodes[66] utilising the SJ technology were proposed and discussed. 

As Figure 2.23(a) illustrates[64], with a rise in reversed bias, the depletion 

region of a typical diode extends from the anode to the cathode. The triangular-

 

Figure 2.23  Schematic cross-section and electric field profile of (a) Conventional diode (b) SJ diode [64] 
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shaped electric field is observed, and the peak is at the anode. Therefore, the 

doping concentration and thickness of the n-drift region are the key 

determinants of breakdown voltage [64]. Although the BV can be enhanced by 

reducing the N-doping concentration, the on-state resistance increases. 

The specific on-resistance is defined as the resistance per unit area for the drift 

region[64].As illustrated in Figure 2.23,in the vertical devices, such as power 

MOSFETs, the area of them is 𝐿𝑑𝑟𝑖𝑓𝑡 × 𝑊 . 

Similarly, in the unipolar lateral devices, such as GaN HEMTs, the on-

resistance Ron can be expressed by[64]: 

𝑅𝑜𝑛 =
1

𝑞𝑛𝜇𝑛
×

𝐿𝑑𝑟𝑖𝑓𝑡

𝑊𝑋
 

Where Ldrift is the length of drift region, n is the carrier density, 𝜇𝑛 is the carrier 

mobility, W is the width of devices. And the device area A is equal to 

𝐿𝑑𝑟𝑖𝑓𝑡 × 𝑊[64]. 

Therefore, the specific on-resistance can be expressed by: 

𝑅𝑜𝑛 × 𝐴 =
1

𝑞𝑛𝜇𝑛
×

𝐿𝑑𝑟𝑖𝑓𝑡
2

𝑋
 

And it can obtain the relationship between specific on-resistance and 

breakdown voltage: 

𝑅𝑜𝑛 × 𝐴 ∝ 𝑉𝐵
3 

However, as Figure 2.23(b) illustrates, SJ diodes enable the depletion region to 

extend both laterally and vertically. Compared with the conventional diodes 

with the triangular field distribution, the drift region of the SJ diode exhibits a 
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flat electric field distribution, shown in Figure 2.23(b). The highly accurate 

doping control of the n-pillar and p-pillar is required to achieve charge balance 

conditions and deplete the drift region completely under the low reverse bias. 

Therefore, the flat and rectangular electric field profile can be observed in Si SJ 

power diodes under the relatively higher reverse bias.  

Compared with conventional power devices, SJ technology can lower the on-

state resistance and increase the breakdown voltage [65]. Thus it overcomes the 

Si material limit [62], [67].  

  

 

Figure 2.24 The trade-off relationship between specific on-state resistance and breakdown voltage for 

conventional Si, SiC, GaN and super junction for Si, SiC and GaN[65]. 
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2.6. GaN Polarisation Superjunction technology (PSJ)  

Because of doping difficulties, the GaN power devices cannot use the 

conventional Superjunction technology like the Si and SiC power devices. A. 

Nakajima et al. proposed Polarisation technology (PSJ), which combines the 

polarisation and charge balance concepts[64], and successfully realised it in 

GaN power devices in 2009 at the University of Sheffield.  

As Figure 2.25 illustrates, the Polarisation Super-junction (PSJ) HFET includes 

double heterostructures. Due to the polarisation effects, the high density of 

polarisation charge (σp=~1013 cm-2) is created in GaN/AlGaN/GaN 

heterostructures, causing the 2-dimension electron gases(2DEG) and 2-

dimension hole gases(2DHG) to coexist between AlGaN/GaN and GaN/AlGaN 

interface, respectively[68]. Source, Gate, and Drain electrodes are all present in 

PSJ HFETs. Source and Drain make ohmic contact with 2DEG. P-type ohmic 

 

Figure 2.25 Schematics of (a) layer structure and (b) band diagram[68]. 
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gate assists the transportation of 2DHG during the switching process.The 

passivation details are not shown in [68].Although the passivation details are 

not mentioned in the ref. [69], the composition of SiN,SiO2 and polyimide are 

the main choices for the passivation in the PSJ HFETs. 

 In the conventional P-GaN HEMTs,P-type ohmic or schottky gate enables the 

devices to attain the normally-off function. However,due to the considerably 

thicker top u-GaN layer and AlGaN layer in PSJ HFETs, the P-type gate design 

cannot achieve the normally-off function in PSJ HFETs.  

Similar to AlGaN/GaN HEMTs, when the drain bias is applied while the device 

is in the on-state, current flows through the 2DEG channel. Typical transfer and 

Id-Vd characteristics of PSJ HFETs are depicted in Figure 2.27 [69]. The Vth is 

around -5V, representing that they are normally-on devices. However, under 

 

Figure 2.26 The cross-section and electric field distribution under the ideal condition of PSJ HFETs during 

off-state[69]. 
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the off-state, as Figure 2.26 illustrates, 2DEG and 2DHG are discharged through 

the drain and gate, respectively, which achieves the ideal charge balance 

condition in the drift region (PSJ region). Therefore, the flat and box-shaped 

 

Figure 2.27 Typical (a)transfer characteristics and (b) Id-Vd characteristics of PSJ HFETs [69]. 
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electric field profiles can be observed in the PSJ HFETs[69], significantly 

enhancing BV. Moreover, PSJ HFETs have a more simplified structure as 

compared to the field-plate design, representing that PSJ HFETs are less 

challenging for device fabrication, especially for high-voltage applications.  

 Figure 2.28(a) shows the off-state gate leakage current (Ig) and drain leakage 

current (Id) of PSJ HFETs at off-state. Id and Ig are nearly identical, indicating 

that in PSJ HFETs, the leakage path is from the gate to the drain under off-state 

[69].  

Figure 2.28(b) demonstrates how the PSJ Length affects the usual breakdown 

voltage of PSJ HFETs (Lpsj). The linear relationship between breakdown voltage 

(BV) and Lpsj is presented in Figure 2.28(b), representing that BV grows linearly 

as the length of the PSJ drift region increases. 

 

Figure 2.28 (a)Typical gate leakage(Ig) and drain leakage(Id) characteristics of Lpsj=40um (b) the 

breakdown characteristics as a function of PSJ Length during the off state of the PSJ HFETs with 

Wg=90mm. Furthermore, they are all measured at Vgs=-10V[69]. 
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Compared with traditional Superjunction technology, Polarisation super-

junction (PSJ) power devices do not require the precise doping control of the n-

pillar and p-pillar. This is due to 2DEG and 2DHG being naturally and equally 

generated in the GaN/AlGaN/GaN double heterojunctions. Therefore, In the 

PSJ HFETs, the optimum charge balance condition and flat electric field 

distribution are easy to attain compared with the ideal Si Superjunction power 

devices. Due to the high density and mobility of 2DEG, PSJ HFETs can also 

attain low on-state resistance[70], indicating that they will not sacrifice the fast-

switching speed, low conduction and switching losses. All these advantages 

enable GaN PSJ power devices to become the most competitive next-generation 

GaN power devices. 

Nowadays, Schottky gate HFETs[47], diodes[71] and bi-directional devices[72] 

have been reported using the PSJ technology. More research on the design of 

GaN diodes using the PSJ concepts and technologies is discussed in[73]–[75]. 
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2.7. Current collapse 

 Current collapse, also referred to as the dynamic on-state resistance 

(Rdynamic,dson) degradation, is a severe challenge for the conventional AlGaN/GaN 

HEMTs. This phenomenon occurs when devices are switched from off-state to 

on-state. The measurement setup and the switching waveform are shown in 

Figure 2.29[45]. The dynamic on-state resistance degrades in comparison to the 

static on-state resistance when the high drain-side stress voltage is applied at 

the off-state[45]. This effect will severely degrade the efficiency of the devices, 

increase the power losses and reduce the current-carrying capability during 

high switching speed and high voltage applications. 

 

Figure 2.29 The switching waveform and circuit diagram for evaluating current collapse (left); Id-Vds 

characteristics of conventional HFETs(right) [45]. 
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Current collapse originates from three main aspects: buffer trapping, surface 

trapping and gate instability[76]. 

Under the high Vds stress during the off-state, the hot electrons which gained 

the high kinetic energy at the high-electric-field region are accelerated and 

trapped by the traps located at the surface or the buffer layer. When the devices 

switch from off-state to on-state, the trapped electrons cannot escape instantly 

from the traps because of the relatively long lifetime of traps, increasing the on-

state resistance in comparison to the steady Ron. The increased dynamic Rdson 

can be recoverable if the time is sufficient after the stress is removed.  

Surface trapping is caused by the surface traps along the interface of the 

passivation/AlGaN layer. The 2DEG is captured by the surface traps during the 

off-state, causing the increase of the dynamic Ron.  The surface passivation, such 

as SiN, SiO2 and Al2O3, can significantly lower the surface traps and effectively 

suppress the current collapse effects [77]. Alternatively, optimising the electric 

 

Figure 2.30 Schematic cross-section of conventional GaN-on-Si power HEMTsand the main factors for the 

current collapse[76]. 
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field profile is another method for mitigating the current collapse. FP 

technology can relax the electric field peak and minimise the impacts of current 

collapse effects[78], but it cannot completely solve this issue.   

However, the buffer trapping has different mechanism. Due to the potential 

difference of the drain and substrate, the 2DEG will be escaped from the 

confined quantum well during the off-state and captured by the buffer traps, 

causing the increase of the dynamic Ron. The buffer trapping effects can be 

evaluated through back-gating measurements in GaN-on-Si power 

HEMTs[76]. Reducing the buffer defects during growth is an efficient way to 

mitigate this effect[79]. Figure 2.31 illustrates the gate instability induced by the 

current collapse in the MIS-HEMTs[80]. When the gate stress is applied, the 

border and interface traps capture the carriers, reducing the 2DEG density and 

producing a positive Vth shift. Therefore, dynamic Rds rise because they cannot 

 

Figure 2.31 Gate-instability-induced dynamic R increase in the MIS-HEMTs (a) schematic of energy band 

diagram with the interface/border trapping mechanism under positive gate bias(b)positive Vth 

shift(∆𝑉𝑡ℎ)(c)degradation of Ron after ∆𝑉𝑡ℎ. 
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immediately react to the variable threshold voltage from the off-state to the on-

state.  
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2.8. Summary 

In this chapter, GaN material properties are first introduced. Compared with 

Si, GaN is more advantageous in many aspects. Several Figures of Merits 

(FOMs) of Si, SiC and GaN, are discussed for different aspects. Substrate 

selection is also essential for GaN power devices. SiC and GaN substrate has 

better lattice properties than Si and Sapphire substrates. However, the low 

price of Si substrate is favoured by the commercial market.  

Polarisation effects in AlGaN/GaN heterostructures are explored, including 

spontaneous and piezoelectric polarisation. Due to these polarisation effects, 

AlGaN/GaN heterointerface forms the high-density and high-mobility 2DEG, 

enabling AlGaN/GaN HEMTs to have low conduction loss and switching loss. 

The surface-state donor model, widely thought to be the origin of 2DEG, is also 

discussed in detail. The factors influencing the 2DEG sheet density, such as 

AlGaN layer thickness and Al mole fraction, are also presented. The device 

structure and the operation principle of Conventional AlGaN/GaN HEMTs are 

also introduced in detail. 

Despite having a low on-state resistance, the breakdown voltage of 

AlGaN/GaN HEMTs is low due to ineffective electric field management. The 

typical methods for optimising the electric field distribution in the power 

devices include FP design, RESURF, and Superjunction technologies. For GaN 

power devices, polarisation superjunction technology is one of the most 
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effective ways to achieve flat and box-shaped electric field distribution. Due to 

the high density and mobility of 2DEG, GaN PSJ power devices have the 

potential to achieve the relatively lower conduction loss. Therefore, it can 

achieve low on-state resistance and high breakdown voltage simultaneously. 

These remarkable advantages of GaN PSJ power devices make them the most 

competitive next-generation power devices. 

Current collapse, which significantly increases the power losses of the GaN 

power devices during the switching process, is also briefly reviewed. Surface 

trapping, buffer trapping and threshold voltage shift are the three main factors 

for this phenomenon. 
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Chapter 3. Theoretical Analysis of the Sheet Density of 2DEG 

and 2DHG in Polarization Super-Junction Heterostructures 

The main topic of this chapter is the theoretical analysis of the impacts of the 

top u-GaN layer and the AlN nucleation layer thickness on the sheet density of 

2DEG and 2DHG in PSJ heterostructures. The simulation and experiment 

results are also included to compare and validate the conclusions of the 

theoretical study.   

3.1. Top u-GaN layer thickness 

Chapter 2 already briefly introduced that the sheet density of 2DEG mainly 

depends on the parameter of the AlxGa1-xN barrier layer, including the 

thickness and Al mole fraction(x) AlxGa1-xN[38], [39]. This chapter discusses 

how the top u-GaN layer affects the sheet density of 2DEG and 2DHG in the 

various PSJ heterostructures T. Prunty et al. [81] built the theoretical model of 

sheet density of 2DEG in AlGaN/GaN Heterostructures. Following a similar 

analysing method, Hahn et al. [82], [83]proposed the expression of the sheet 

density of 2DEG ( 𝑛𝑆  ) and 2DHG ( 𝑝𝑆  ) in the u-GaN/AlGaN/u-GaN 

heterostructures under different top u-GaN surface conditions. This model is 

built to analyse the relationship between the behaviours of threshold voltage 

Vth with the 𝑝𝑆 in this article. Similarly, A. Kumar et al. [84] built the expression 

of the density of 2DEG and 2DHG in the GaN/AlGaN/GaN with SiO2 cap layer 

to investigate the threshold voltage behaviour in the P-channel GaN HEMTs 
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with MOS structures. Hongyang et al. [70]also analysed the 2DEG and 2DHG 

sheet density in PSJ heterostructures to investigate the on-state resistances in 

PSJ HFETs.  

Although the surface donor model can be utilized to analyse the physical 

mechanisms of the origin of 2DEG, the expression of the sheet density of 2DEG 

and 2DHG cannot be obtained through it, because it neglected some 

components of the charges in the GaN/AlGaN/GaN heterostructures. 

Moreover, the possible generated charges in the PSJ heterostructures are 

different from the AlGaN/GaN heterostructures, causing the wrongly 

calculation of the sheet density of 2DEG and 2DHG. Therefore, in order to 

obtain the accurate expressions of them, the calculation method based on the 

band diagram is widely used at present. 
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 U-GaN/AlGaN/u-GaN heterostructures 

The expression for the density of 2DEG and 2DHG will be built first to consider 

the dependence on the u-GaN thickness via derivation in the u-GaN/AlGaN/u-

GaN heterostructures shown in Figure 3.1.  

Based on the band diagram illustrated in Figure 3.2, the expression of 𝑝𝑆 

and 𝑛𝑆  obtained from Hahn’s work is[83]: 

 𝑝𝑆 =
1

𝑒
·

𝜎𝑏 − 𝜎𝑐ℎ − 𝐶𝑐ℎ (1 +
𝐶𝑏

𝐶𝑏𝑢𝑓
)𝜙1,𝑝 +

𝐶𝑏

𝐶𝑏𝑢𝑓
𝜎𝑛 − 𝐶𝑏𝜙2,𝑝

1 + 𝐶𝑏
𝜋ћ2

𝑚∗𝑒 +
𝐶𝑏

𝐶𝑏𝑢𝑓

(3.1)  

 𝑛𝑆 ≈ 𝑝𝑆 + 𝐶𝑐ℎ

𝜙𝑆

𝑒
(3.2)  

 

Figure 3.1 Schematic diagram of PSJ heterostructures (U-GaN/AlGaN/U-GaN). 

 

 



P a g e  | 63 

 

Where 𝜙𝑆 denotes the potential at the top U-GaN layer's top side (free surface 

potential),𝜎𝑏 represents the polarisation charge, 𝜙2,𝑝 means the potential at the 

bottom-side U-GaN layer. 

In Eq.(3.1) and (3.2), 𝐶𝑏 =
𝜖𝑏

𝑡𝑏
, 𝐶𝑐ℎ =

𝜖𝑐ℎ

𝑡𝑐ℎ
, 𝐶𝑏𝑢𝑓 =

𝜖𝑏𝑢𝑓

𝑡𝑏𝑢𝑓
 where𝜖𝑏, 𝜖𝑐ℎ and 𝜖𝑏𝑢𝑓 are the 

dielectric constant of the AlGaN layer, top and bottom u-GaN layer, 

respectively.  𝑡𝑏 , 𝑡𝑐ℎ  and  𝑡𝑏𝑢𝑓  are the thickness of the AlGaN layer, top and 

bottom u-GaN layer, respectively. 

The GaN buffer layer is significantly thicker than the AlGaN layer and the top 

U-GaN layer in the actual PSJ devices. Thus, 𝐶𝑏 ≫ 𝐶𝑏𝑢𝑓, 𝐶𝑐ℎ ≫ 𝐶𝑏𝑢𝑓, and the 

𝐶𝑏
𝜋ћ2

𝑚∗𝑒
 are much smaller than 1. 

Based on these conditions, Eq. (3.1) and (3.2) can be expressed as follow: 

 

Figure 3.2 Schematic band diagram of PSJ heterostructures (U-GaN/AlGaN/U-GaN) with the free surface 

above the top U-GaN layer. 
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𝑝𝑆 =
1

𝑒
·

𝜎𝑏 − 𝜎𝑐ℎ − 𝐶𝑐ℎ (1 +
𝐶𝑏

𝐶𝑏𝑢𝑓
)𝜙𝑆 +

𝐶𝑏

𝐶𝑏𝑢𝑓
𝜎𝑛 − 𝐶𝑏𝜙2,𝑝

1 +
𝐶𝑏

𝐶𝑏𝑢𝑓

(3.3) 

𝑛𝑆 ≈
1

𝑒
·

𝜎𝑏 − 𝜎𝑐ℎ +
𝐶𝑏

𝐶𝑏𝑢𝑓
𝜎𝑛 − 𝐶𝑏𝜙𝑝

1 +
𝐶𝑏

𝐶𝑏𝑢𝑓

(3.4) 

S.Heikman et al. [39] presented that the 2DEG sheet density decreases when 

the top GaN thickness increases from 0 nm to 20nm. And then, it gradually 

saturates when the thickness exceeds 20nm. 

the derivation of 𝑝𝑠 and 𝑡𝑐ℎ is shown in Eq. (3.5) 

𝑑𝑝𝑠

𝑑𝑡𝑐ℎ
=

𝑑𝑝𝑠

𝑑𝐶𝑐ℎ
∙
𝑑𝐶𝑐ℎ

𝑑𝑡𝑐ℎ
=

𝜙𝑆 (1 +
𝐶𝑏

𝐶𝑐ℎ,𝑛
)

𝑒 (1 + 𝐶𝑏
𝜋ћ2

𝑚∗𝑒 +
𝐶𝑏

𝐶𝑐ℎ,𝑛
)

𝜖𝑐ℎ

𝑡𝑐ℎ,𝑝
2 (3.5) 

All the parameters in equation (3.5) are positive except for the 𝜙𝑆, representing 

that the derivative results depend on the topside surface potential. Moreover, 

the 𝜙𝑆 can be extracted from the simulation tools SILVACO ATLAS TCAD. The 

𝜙𝑆 is around 0.16eV, hence the 
𝑑𝑝𝑠

𝑑𝑡𝑐ℎ
> 0. By substituting the data into Eq. (3.5), 

the 
𝑑𝑝𝑠

𝑑𝑡𝑐ℎ
 is almost zero. Therefore, 𝑝𝑠 is almost constant with the increase of 𝑡𝑐ℎ.  

However, suppose the Schottky barrier contact (𝜙𝐵,𝑃 = 1.25𝑒𝑉) is defined on 

the surface of the top u-GaN layer. In that case, the derivative result 
𝑑𝑝𝑠

𝑑𝑡𝑐ℎ
 is 

positive, representing that 𝑝𝑠 grows when 𝑡𝑐ℎ increases. 

It is important to note that, surface donor model is not applicable for the 

calculation of the 2DEG and 2DHG sheet density. Compare with the 

AlGaN/GaN heterostructures, PSJ heterostructures have the more complicate 
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structures, indicating that the possible charges which inducing the 2DEG and 

2DHG are difficult to list.    

Figure 3.3(b) presents the trend analysis obtained from the simulation. Under 

free surface conditions, the top u-GaN layer thickness has no impact on the 
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sheet density of 2DHG. However, when the top u-GaN surface potential is the 

 

(a) 

 

(b) 

Figure 3.3  (a) Schematic cross-section of U-GaN/AlGaN/U-GaN and (b) the relationship between top u-

GaN thickness and 2DHG sheet density with the free surface and Schottky barrier (𝝓𝑩,𝑷) of the surface 

on top U-GaN layer. 
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Schottky barrier condition (1.25eV), the sheet density of 2DHG rises when the 

top u-GaN layer thickness increases from 5 to 100nm. 

Compared with the research work which discussed the effects on the sheet 

density of 2DEG from 2DHG and the GaN cap layer thickness[39], our work 

obtained a deep understanding and comprehensive conclusion on this topic 

through theoretical analysis and simulation. The surface condition of the top u-

GaN layer plays a critical role in the relationship between 2DHG sheet density 

and top u-GaN layer thickness.  
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 P-GaN/GaN/AlGaN/GaN Heterostructures 

PSJ heterostructures have a P-GaN layer permanently applied below the P-

ohmic gate contact. Therefore, the sheet density of 2DEG and 2DHG with a 

varied top u-GaN layer thickness in PSJ heterostructures with the P-GaN layer 

are discussed in this section. 

The expression for the sheet density of 2DEG and 2DHG is first developed 

using a similar analytical technique outlined in the previous section. The cross-

section of the PSJ heterostructures with the P-GaN cap layer is illustrated in 

Figure 3.4, and the band diagram of the heterostructures is depicted in Figure 

3.5. 

The Gauss law is applied at the interface of the P-GaN/u-GaN, top u-

GaN/AlGaN, respectively: 

 

Figure 3.4 Schematic diagram of PSJ heterostructures with P-GaN layer(P-GaN/U-GaN/AlGaN/U-GaN) 

 

 



P a g e  | 69 

 

𝜖𝑐ℎɛ𝑐ℎ − 𝜖𝑝ɛ𝑝 = 𝛿𝑝−𝐺𝑎𝑁  (3.6) 

𝜖𝑐ℎɛ𝑐ℎ+𝜖𝑏ɛ𝑏 = 𝛿𝑝 − e𝑝𝑠  (3.7) 

Where 휀𝑐ℎ, ɛ𝑝 represents the electric field in the top u-GaN layer and P-GaN 

layer, respectively.𝛿𝑝−𝐺𝑎𝑁 is the sheet density of holes at the interface of Pthe -

GaN/u-GaN layer.휀𝑏and 𝑡𝑏 is the electric field, and the AlGaN layer thickness, 

respectively.𝜎𝑝, is the polarisation charge. 𝑝𝑠 is the sheet density of 2DHG and 

𝐸𝐺  is the bandgap of the GaN.  

The expression of ɛ𝑏 is: 

ɛ𝑏 =
1

𝑒𝑡𝑏
(𝐸𝐺 +△ p +△ 𝑛)  (3.8) 

 

Figure 3.5 Schematic diagram of PSJ heterostructures (P-GaN/U-GaN/AlGaN/U-GaN) with the free 

surface above the top U-GaN layer. 
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∆𝑛 and ∆𝑝 are the barrier height of the conduction band and valence band edge 

of the quantum well below and above the Fermi level at the interface of 

AlGaN/U-GaN and u-GaN/AlGaN, respectively. 

Based on the band diagram presented in Figure 3.5, the variation of the valence 

band potential towards the quantum well of the 2DHG can be represented as: 

−𝜙1,𝑝

𝑒
+ 𝑡𝑐ℎɛ𝑐ℎ+𝑡𝑃ɛ𝑝 =

∆𝑝

𝑒
  (3.9) 

Where 𝜙1,𝑝 denotes the potential at the topside of the P-GaN layer. 𝑡𝑐ℎ is the 

top u-GaN layer thickness. ɛ𝑝 and 𝑡𝑃 denote the thickness and the electric field 

in the P-GaN cap layer, respectively.  

The equation between the sheet density and the material parameters is 

constructed without any involvement of the electric field. Thus, the electric 

field will be replaced by combining Eq. (3.6)—(3.8). The equation is then 

expressed as: 

−𝜙1,𝑝

𝑒
+

𝛿𝑝 − e𝑃𝑠

𝐶
+

𝛿𝑝−𝐺𝑎𝑁

 𝐶𝑝−𝐺𝑎𝑁
−

𝐶𝑏

𝑒𝐶
(𝐸𝐺 +△ p +△ 𝑛) =

∆𝑝

𝑒
(3.10) 

Similarly, it can be applied to derive the expression for 𝛥𝑛: 

−𝜙2,𝑛

𝑒
+

𝛿𝑝 − e𝑛𝑠

𝐶
+

𝐶𝑏

𝑒𝐶𝑏𝑢𝑓
(𝐸𝐺 +△ p +△ 𝑛) =

∆𝑛

𝑒
(3.11) 

 Where C is denoting: 

1

𝐶
=

1

𝐶𝑝−𝐺𝑎𝑁
+

1

𝐶𝑐ℎ

(3.12) 

Therefore the sheet density of 2DHG(𝑝𝑠 )is: 
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𝑝𝑠  =

(1 +
𝑚𝑒𝑒

2

𝜋ћ2𝐶𝑏𝑢𝑓
) 𝛿𝑝 −

𝑚𝑒𝑒
2𝐶𝑏

𝜋ћ2𝐶𝑏𝑢𝑓

𝐸𝐺

𝑒 −

𝐶 (1 +
𝐶𝑏

𝐶𝑏𝑢𝑓
+

𝑚𝑒𝑒
2

𝜋ћ2𝐶𝑏𝑢𝑓
) (

𝜙1,𝑝

𝑒 +
𝛿𝑝−𝐺𝑎𝑁

𝐶𝑝
) − 𝐶𝑏

𝜙2,𝑝

𝑒

𝑒

[
 
 
 1 +

𝑚𝑒𝑒2

𝜋ћ2𝐶𝑏𝑢𝑓
+

𝜋ћ2

𝑒2𝑚ℎ
(1 +

𝐶
𝐶𝑏

+
𝐶

𝐶𝑏𝑢𝑓
) 𝐶𝑏

+
𝐶𝑏

𝐶𝑏𝑢𝑓
+

𝑚𝑒

𝑚ℎ

(𝐶𝑏 + 𝐶)
𝐶𝑏𝑢𝑓 ]

 
 
 

(3.13) 

The sheet density of 2DEG (ns) is: 

ns =

 (−
𝜙1,𝑝

𝑒 +
𝜎𝑏

𝐶 +
𝜎𝑝−𝐺𝑎𝑁

𝐶𝑝−𝐺𝑎𝑁
−

𝐶𝑏𝐸𝐺

𝑒𝐶
) (

𝐶𝑏

𝑒𝐶𝑐ℎ
∙
𝜋ħ2

𝑚ℎ
) +

(
𝐶𝑏

𝑒𝐶 ∙
𝜋ħ2

𝑚ℎ
+

𝜋ħ2

𝑒𝑚ℎ
+

𝑒
𝐶
) (

𝜙𝑐ℎ

𝑒 −
𝜎𝑏

𝐶𝑐ℎ
+

𝐶𝑏𝐸𝐺

𝑒𝐶𝑐ℎ
)

(
𝐶𝑏

𝑒𝐶 ∙
𝜋ħ2

𝑚𝑒
) (

𝐶𝑏

𝑒𝐶𝑐ℎ
∙
𝜋ħ2

𝑚ℎ
) − (

𝐶𝑏

𝑒𝐶 ∙
𝜋ħ2

𝑚ℎ
+

𝜋ħ2

𝑒𝑚ℎ
+

𝑒
𝐶
)

(
𝐶𝑏

𝑒𝐶𝑐ℎ
∙
𝜋ħ2

𝑚𝑒
+

𝜋ħ2

𝑒𝑚𝑒
+

𝑒
𝐶𝑐ℎ

)

 (3.14)  

The bottom GaN layer is significantly thicker than the top U-GaN layer and 

AlGaN layer in the actual PSJ devices. Thus, 𝐶𝑏 ≫ 𝐶𝑏𝑢𝑓, 𝐶𝑐ℎ ≫ 𝐶𝑏𝑢𝑓. Based on 

this assumption, the expression of ns and 𝑝𝑠 can be simplified as: 

𝑝𝑠 =
 𝛿𝑝 + 𝛿𝑝−𝐺𝑎𝑁 −  

𝐶𝑏 ∙ 𝐸𝐺

𝑒 −  
𝐶 ∙ 𝜙1,𝑝

𝑒
𝑒

(3.15)
 

𝑛𝑠 =
 𝛿𝑝 −  

𝐶𝑏 ∙ 𝐸𝐺

𝑒 −  
𝐶𝑏𝑢𝑓 ∙ 𝜙1,𝑛

𝑒
𝑒

(3.16)
 

The simplified formulation of ns in P-GaN/GaN/AlGaN/GaN heterostructures 

similarly exhibits no link between ns and tch. Consequently, tch has minimal 

impact on the sheet density of 2DEG.  

As for the impacts on the 2DHG sheet density, all other parameters in equation 

(3.15) are assumed to be constants, with the top u-GaN layer's thickness being 

the only variable. As a result, the expression of 𝑝𝑠 derivation of 𝑡𝑐ℎ is:    
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𝑑𝑝𝑠

𝑑𝑡𝑐ℎ
=

𝑑𝑝𝑠

𝑑𝐶
∙

𝑑𝐶

𝑑𝑡𝑐ℎ
=

𝜙1,𝑝

𝑒2
∙ 𝐶2

1

𝜖𝑐ℎ
(3.17) 

According to the equation, only 𝜙1,𝑝 determine whether the derivation results 

are positive or negative. Therefore, the relationship mainly depends on the 𝜙1,𝑝.  

Considering that the surface condition of the P-GaN layer is ohmic conditions, 

𝜙1,𝑝 is around 0.1eV, hence the 
𝑑𝑝𝑠

𝑑𝑡𝑐ℎ
> 0, indicating that the 𝑝𝑠 barely increases 

with the increase of 𝑡𝑐ℎ . AlGaN thickness is set to 47 nm, and the Al mole 

content is set at 0.23. The expression of Ps can be built in MATLAB, and the 

relationship between 𝑝𝑠 and 𝑡𝑐ℎ is plotted in Figure 3.6.  

The simulation results are obtained from the SILVACO ATLAS TCAD. 

Additionally, the simulated structure shares the same dimensions as the 

 

Figure 3.6  The calculated and simulated results of the relationship between top U-GaN thickness and 

sheet density of 2DHG are extracted from the numerical model of P-GaN/u-GaN/AlGaN/U-GaN 

heterostructures. 
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structures used in the theoretical study. As Figure 3.6 presents, the calculation 

and simulation results are well fitted, and both indicate that the 𝑝𝑠  slightly 

increases with the increase of 𝑡𝑐ℎ when the thickness is above 20nm.  

Moreover, A.Nakajima et al. reported the sheet density of 2DHG as a function 

of temperature with two different u-GaN thicknesses (tch = 20 and 60 nm), and 

the results are displayed in Figure 3.6 [85]. These findings indicate that, at low 

temperatures, the top u-GaN thickness has no effect on the sheet density of 

2DHG for both 𝑡𝑐ℎ = 20𝑛𝑚 and 𝑡𝑐ℎ = 60𝑛𝑚. However, they are not consistent 

with one another at temperatures higher than 300K.  

The effects of temperature on the sheet density of 2DHG are first explored to 

identify the reasons for the discrepancy at high temperatures. Based on the 

Maxwell-Boltzman distribution, the expression of the 2DHG (𝑝𝑠) as a function 

of the temperature is presented: 

𝑝𝑠 =
𝑚ℎ

𝜋ћ2
 𝑘𝑏Tln [1 + exp (

∆𝑝

𝑘𝑏𝑇
)] (3.18) 

Where 𝑚ℎ is the effective mass, T is the temperature, and ∆𝑝 denotes the height 

of the valence band edge above the Fermi level at the interface of U-

GaN/AlGaN. ∆𝑝  is around 0.1eV,𝑘𝑏𝑇 ≈ 0.026𝑒𝑉 , hence exp (
∆𝑝

𝑘𝑏𝑇
)≫ 1 . The 

expression of  𝑝𝑠 can be simplified as: 

𝑝𝑠 =
𝑚ℎ

𝜋ћ2
∆𝑝 (3.19) 

In Eq.(3.19), all the parameters are independent of the temperature. As a result, 

the temperature barely affects the sheet density of 2DHG in the P-
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GaN/GaN/AlGaN/GaN heterostructures, representing temperature is not 

responsible for the inconsistency of hole density between two different top u-

GaN thickness at elevated temperatures. A.Nakajima et al. [85] explained that 

the Mg impurities in the p-GaN layers are thermally activated, causing the 

increase of the hole density at high temperature.  

Combined with the measured data reported by A.Nakajima et al. [85], it can be 

concluded that the sheet density of 2DHG will marginally increase with top u-

GaN thicknesses ranging from 20 to 100 nm. Moreover, A.Nakajima et al. [85] 

also presented that P-GaN thickness has almost no impact on the sheet density 

of 2DHG when it varies from 20nm to 60nm at room temperature, indicating 

 

Figure 3.7  Measured sheet density of 2DHG with different top u-GaN thicknesses under different 

temperatures by Nakajima. [85] 
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that it will not significantly influence the charge balance situation in PSJ 

heterostructures.  
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3.2. The AlN nucleation layer thickness 

At present, GaN lateral power devices are grown on the foreign substrates, 

such as Si, SiC and Sapphire. However, the lattice mismatch between the GaN 

buffer layer and the foreign substrate is generated, causing the increase of the 

dislocation density and leakage current. Therefore, it requires the AlN layer 

between the GaN buffer layer and foreign substrate to act as a nucleation layer 

which can reduce the lattice mismatch and dislocation density between them 

during growth process  [20] [87].  

PSJ power devices are now grown on the foreign substrate. Therefore, the AlN 

nucleation layer is also widely applied in PSJ power devices. However, the 

impacts of the AlN nucleation layer on the sheet density of 2DEG and 2DHG 

in PSJ heterostructures are unknown, causing the uncertainty of the charge 

balance conditions. For example, holes and electrons are possible formed at the 

quantum wells at the hetero-interface of u-GaN/AlN and AlN/Si substrate[86], 

respectively, and the effects on the sheet density of 2DEG from these electrons 

and holes formed at the AlN nucleation layer are unknown. Therefore, the 

variation of the 2DEG density in PSJ heterostructures when inducing the AlN 

nucleation layer is investigated in this section. Although the buffer traps may 

influence the sheet density of 2DEG and 2DHG, this section aims to discusses 

the impacts of the AlN nucleation layer thickness. Thus, the buffer traps are not 

involved in the calculation and will be investigated in the future work. 
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The band diagram of the PSJ heterostructures with the AlN nucleation layer is 

shown in Figure 3.8. Following a similar method, the expression of the 2DEG 

sheet density is built. We first apply Gauss' law at the interface of AlGaN/GaN 

and GaN/AlN, respectively: 

ɛ𝑏𝑢𝑓𝐸𝑏𝑢𝑓 + ɛ𝑛𝑢𝐸𝑛𝑢 = 𝛿𝑝2 − e𝑃𝑠2 (3.20) 

ɛ𝑏𝐸𝑏 + ɛ𝑏𝑢𝑓𝐸𝑏𝑢𝑓 = 𝛿𝑝2 + e𝑁𝑠 (3.21) 

Where ɛ𝑏𝑢𝑓,ɛ𝑏&ɛ𝑛𝑢are the dielectric constants of buffer, barrier and nucleation 

layer, Ns represents the density of 2DEG and 𝑃𝑠2 represents the 2DHG density 

between the interface of GaN/AlN. The electric field within the barrier layer: 

                                                       𝐸𝑏 =
1

𝑒𝑡𝑏
(𝐸𝐺 +△ p +△ 𝑛)                                      (3.22) 

The relationship between quantum wells and sheet density is as follows: 

△ p =
𝛱ħ2

𝑚ℎ
𝑃𝑠 (3.23) 

 

△ n =
𝛱ħ2

𝑚𝑒
𝑁𝑠 (3.24) 

 

Figure 3.8 The band diagram of PSJ heterostructures with AlN nucleation layer 
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Where △ p, △ n represents electron and hole quantum wells. Variation of the 

valence band potential 

𝑡𝑛𝑢𝐸𝑛𝑢 − 𝑡𝑏𝑢𝑓𝐸𝑏𝑢𝑓 +
𝛷3,𝑛 −△ 𝐸𝑐2

𝑒
=

∆𝑛

𝑒
(3.25) 

Combine the equation (3.20)-(3.25), the equation of 2DEG sheet density without 

the electric field is: 

𝑁𝑆 =
𝛷3,𝑛𝐶0 + (𝐸𝐺 +

𝜋ħ2𝑃𝑆
𝑚ℎ

⁄ )𝐶𝑏 − 𝐶0∆𝐸𝑐

𝑒2 +
𝜋ħ2𝐶0

𝑚𝑒
 −

𝜋ħ2𝐶𝑏

𝑚𝑒

(3.26) 

Where  𝐶0 =
𝐶𝑛𝑢𝐶𝑏𝑢𝑓

𝐶𝑛𝑢+𝐶𝑏𝑢𝑓
 , 𝐶𝑛𝑢 =

ɛ𝑛𝑢

𝑡𝑛𝑢
(For AlN), 𝐶𝑏𝑢𝑓 =

ɛ𝑏𝑢𝑓

𝑡𝑏𝑢𝑓
(For buffer GaN),𝐶𝑏 =

ɛ𝑏

𝑡𝑏
(For AlGaN)  

Assuming that the AlGaN thickness and Al mole fraction are constant in this 

model, the sheet density of 2DEG is mainly dependent on 𝐶0, which is defined 

by GaN buffer and AlN nucleation layer thickness. When 𝑡𝑏𝑢𝑓 is much bigger 

than 𝑡𝑛𝑢, 𝐶0 is almost equal to 𝐶𝑏𝑢𝑓, so the effect of the AlN layer can be ignored. 

Conversely, the thickness of the AlN layer will become the dominant factor and 

influence the density of 2DEG.  

However, since the u-GaN buffer layer thickness (around 1 to 4 um) is much 

higher than the AlN nucleation layer (less than 100nm) in the actual PSJ wafers, 

thus the effects on the sheet density of 2DEG when inducing the AlN nucleation 

layer are negligible. 
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3.3. Summary 

In this chapter, the impacts from top u-GaN and AlN nucleation layer thickness 

on the sheet density of 2DEG and 2DHG in the PSJ heterostructures are 

discussed through the theoretical analysis. 

Firstly, the relationship between the top u-GaN layer thickness and the sheet 

density of 2DHG and 2DEG in PSJ heterostructures is discussed through 

theoretical analysis. Moreover, the simulation and measurement results are 

also presented to validate and support the theoretical analysis. 

In u-GaN/AlGaN/u-GaN heterostructures, the relationship between the sheet 

density of 2DHG and the top u-GaN layer thickness mainly depends on the 

surface potential of the top u-GaN layer. It concludes that the sheet density of 

2DHG is inconsistent with u-GaN thickness under the free surface condition. 

However, the sheet density of 2DHG rises when the Schottky surface 

conditions are introduced. Similar conclusions can be drawn from the PSJ 

heterostructures with a P-GaN cap layer. When the ohmic surface condition is 

applied, similar to the findings in A. Nakajima's article[85], 2DHG density 

slightly rises with the thickness of the top u-GaN layer.  

Furthermore, an investigation has been done into how the AlN nucleation layer 

affects 2DEG sheet density. It concludes that the relationship between the 

thickness of the AlN nucleation layer and the buffer GaN layer plays a critical 

role in determining the sheet density of 2DEG. Considering that the GaN buffer 
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layer is substantially thicker than the AlN nucleation layer in the actual PSJ 

wafer, the impacts on 2DEG sheet density are marginal.  
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Chapter 4. Fabrication and Evaluation of PSJ-on-Si Power 

devices 

In this chapter, the electrical results of PSJ on silicon power devices fabricated 

on Si substrate at the University of Sheffield are presented. Additionally 

discussed are specifics on the design information, fabrication process flow, and 

electrical performance of the manufactured PSJ-on-Si Power devices. 

4.1. Design objective 

The maximum rated voltage for commercial GaN power devices is 600V/650V. 

It has been shown that PSJ-on-sapphire power devices are one of the most 

promising technologies for 1.2kV-level GaN power devices [69]. However, 

compared with GaN-on-Sapphire power devices, Si substrate is preferable for 

manufacturers because of the relatively low costs and mature fabrication 

technologies[88]. Therefore, this work discusses the fabrication feasibility and 

fundamental performance of PSJ-on-Si power devices. 

According to the present development situation, the design objectives for the 

fabricated PSJ-on-Si devices are to: 

1. Evaluate the functionality of PSJ Power devices (including PSJ HFETs and 

PSJ hybrid diodes) on Si substrate. 

2. Device Scalability: Evaluate the finger length and quantity that influence the 

performance of PSJ power devices, especially on Specific Ron. 
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3. Investigate the relationship between specific Ron and BV of the PSJ-on-Si 

power devices.     

4.2. Device design information 

Based on the design objectives, the information on the fabricated PSJ-on-Si 

devices is shown below: 

Table 4-1 The design information of PSJ-on-Si power devices 

Designed 

devices 

PSJ Length 

(LPSJ)[µm] 

Finger 

Length (total 

gate 

periphery) 

[µm] 

Finger 

quantity 

PSJ-diode 5 50 1 

PSJ-HFET 10 200 5 

 15 500 10 

 20 800 20 

 25 1000  

 Each group of devices with same Lpsj have the different Finger length ranging 

from 50 um to 1000 um. Moreover, each group of large devices with same Lpsj 

have the different finger quantity ranging from 1 to 20. Following the PSJ 

devices fabrication process flow shown in Appendix 1, 11 masks are required 

to fabricate the PSJ power devices. The mask design information and design 

rules are attached in Appendix 1.     
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4.3. Device fabrication 

All of the devices and relevant test results discussed in this chapter were 

processed in the University of Sheffield Nanoscience device fab Lab. The device 

fabrication details are attached in the Appendix 1. 

4.4. Electric characterisation of fabricated PSJ-on-Si devices 

The measurement findings of the PSJ-on-Si devices are shown in this part, 

together with information about the breakdown and static properties of the 

manufactured HFETs and PSJ hybrid diodes as a function of LPSJ, finger length, 

and quantity. Furthermore, the temperature effects on the Specific Ron of PSJ-

on-Si devices are also presented.  

  

(a)                                                                              (b) 

Figure 4.1 (a)The schematic cross-section of the PSJ hybrid diode(Anode is combosed by the scottky 

anode(orange) and P-ohmic anode(green) (b) the mask photograph of the test structure of the PSJ hybrid 

diode.  
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 PSJ hybrid diodes (test structure) 

PSJ hybrid diode on the semi-insulating 6H-SiC substrate was first proposed in 

[71]. It shows low on-set Voltage (0.4V), high breakdown voltage (2400V) for 

LPSJ=25µm and low specific Ron·A [71]. The cross-section of the PSJ hybrid diode 

 

         (a) 

 

    (b) 

Figure 4.2 Typical PSJ hybrid diode I-V characteristics with different widths (finger length):(a)200 um and 

(b)800 um. 
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is depicted in Figure 4.1 (a). The anode is composed of the Schottky contact 

(above the AlGaN) and P-type ohmic contact (above the P-GaN layer). The 

length of PSJ is defined from the edge of the P-type ohmic contact to the edge 

of PSJ region shown in  Figure 4.1 (a), because this is the actual drift region to 

support the voltage at reverse bias. 

Under the forward bias, the current conducts from the Schottky Anode to 

Cathode through the 2DEG channel. However, the turn-on mechanism of the 

PiN junction is resistive, which means the voltage drop across the 2DEG region 

beneath the PN region must be large enough to cause a resistive voltage drop 

of 3.4V. With the high concentration of 2DEG, this does not happen under 

normal operating conditions; therefore, the PN junction does not turn on. 

Therefore, the PSJ hybrid diode is a unipolar power device in theory. Under the 

reverse bias,2DEG and 2DHG are depleted. Thus it shows reverse blocking 

characteristics. 

 

Figure 4.3 The multi-finger layout for PSJ large hybrid diode with five fingers and Lpsj =10 um, but 

different finger widths (200um and 500um, respectively). 

 

 

 

 

 

 

 

 

 



P a g e  | 86 

 

Firstly, the impact of LPSJ and gate width (finger length) on specific Ron·A is 

investigated. The mask of the target devices is shown in Figure 4.1(b). Typical 

I-V properties of PSJ hybrid diodes with various widths (50 um and 800 um) as 

a function of LPSJ ranging from 5 um to 25 um are presented in Figure 4.2. The 

measurement was processed at room temperature and dark conditions using 

the Agilent B1500A semiconductor device analyser. With a reduction in LPSJ, an 

increase in diode current density can be seen. This is brought on by lengthening 

the device's active area, causing an increase in Ron. The specific Ron·A as a 

function LPSJ of PSJ hybrid diode with different widths is shown in Figure 4.4.   

Moreover, the specific Ron·A of the devices with different finger lengths (50,200, 

500, 800, 1000 um) is extracted. 

 

Figure 4.4 the specific Ron·A of PSJ hybrid diode as function LPSJ (5um to 25 um) with different widths 

(finger length):50,200 ,500,800 and 1000 um. 
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The specific Ron obtained from Figure 4.2, is not perfectly linear as a function of 

LPSJ, this is possibly due to the misalignment during the fabrication, causing the 

variation of the actual LPSJ. Moreover, the thin metal thickness may also 

influence the value of the specific on-state resistance. However, it is still found 

that Ron shows an almost linear upward trend with increasing the length of PSJ. 
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 PSJ hybrid diodes(large-area) 

 

            (a) 

 

(b) 

Figure 4.5 Typical I-V characteristics of PSJ hybrid diode with different finger quantities (5,10, and 

20)(a)PSJ hybrid diode with LPSJ=10um(b) with LPSJ=20um and width=200um. 
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A typical multi-finger layout is used to design PSJ large hybrid diode and is 

depicted in Figure 4.3. The width (finger length) used for the large hybrid diode 

is 200 µm and 500 µm. The impact of finger quantity on the current density and 

specific Ron·A is discussed.  

 

(a) 

 

(b) 

Figure 4.6 Typical I-V characteristics of PSJ hybrid diode with different finger quantities (5,10, and 

20)(a)PSJ hybrid diode with LPSJ=10um(b) with LPSJ=20um and width=500um. 
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The I-V curves of a large PSJ hybrid diode with different finger quantities (5, 

10, 20) are displayed in Figure 4.5.    

It is evident that as the finger quantity for the PSJ hybrid diode increases, the 

current density of the PSJ large hybrid diode also increases, indicating that 

increasing the finger quantity is a feasible way to increase the current handling 

capability of the hybrid diodes based on the present fabrication technology.   

The increasing current density for the PSJ large hybrid diode with higher width 

(500 µm) is also shown in Figure 4.6.  

The relationship between the specific Ron·A and LPSJ for PSJ large hybrid diodes 

is built based on the identical PSJ large hybrid diodes. Furthermore, an almost 

linear relationship is observed, as shown in Figure 4.7. The increasing trend of 

the specific Ron of large-hybrid diodes is identical to that obtained from the 

 

Figure 4.7 The specific R as a function L(10,15,20,25 um) for PSJ large hybrid diode. 
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test-structure diodes shown in Figure 4.4. This indicates that the specific Ron 

shows a good consistency between the large-area and test-structures PSJ hybrid 

diodes. 

 Temperature effects on PSJ hybrid diodes 

The high-temperature characterisation of current handling capability and 

specific Ron·A is essential for evaluating the GaN power devices ‘performance 

[89]. This section presents the I-V characteristics of PSJ hybrid diodes (test 

structures with widths of 200 um) as a function of temperatures between 25 oC 

and 125oC in Figure 4.8.  

When the temperature rises, the current density of the PSJ hybrid diode tends 

to decrease. The drop in the current density of the PSJ hybrid diode at high 

temperatures is caused by the reduction of the 2DEG carrier mobility caused 

 

Figure 4.8 Typical PSJ hybrid diode I-V characteristics at elevated temperature from 25 oC to 125 oC with 

25 oC step. 
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by polar-optical-phonon scattering [89]. As Figure 4.9 illustrates, the PSJ hybrid 

diode with varying LPSJ exhibits an increasing specific RonA as a function of 

temperature, which is caused by the reduction of 2DEG carrier mobility. 

  

 

Figure 4.9 Specific Ron·A as a function of LPSJ with the rise of temperature from 25oC to 125 oC with 25 oC 

step. 
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 PSJ hybrid diode reverse blocking characteristics 

In this section, the reverse blocking characteristics of PSJ hybrid diodes on Si 

substrate with varying LPSJ are presented.     

 

(a) 

 

(b) 

Figure 4.10 (a)Typical reverse blocking characteristics (b) breakdown voltage of PSJ diode as a function 

of LPSJ, measured at 25oC. 
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PSJ hybrid diode reverse blocking characteristics and the breakdown voltage 

as a function of LPSJ are displayed in Figure 4.10 (a) and (b), respectively. Figure 

4.10(b) presents the statistical results of the measured BV of many PSJ-on-Si 

hybrid diodes with different LPSJ. It is found that the average BV obtained from 

the PSJ hybrid diodes shows an almost linear relationship with LPSJ. This trend 

is identical to the results reported on PSJ-on-Sapphire and PSJ-on-SiC 

substrates[69], [71]. As a comparison, the reverse blocking characteristics of PSJ 

diode-on-Si with similar device structures and dimensions provided by 

POWDEC.K.K is also measured under the same conditions presented in Figure 

4.11.However,it is different from the measured results of  Sheffield devices. The 

reasons of this discrepancy will be discussed in the next sections.  

 

Figure 4.11 Typical reverse blocking characteristics of PSJ hybrid diodes-on-Si substrate provided by 

POWDEC.K.K as a function of LPSJ, measured at 25oC. 
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Measured BV of PSJ hybrid diodes, including small and large hybrid diodes as 

a function of LPSJ from the fabricated sample, are presented in Figure 4.12. The 

measured BV obtained from the PSJ-on-Si sample of POWDEC.K.K and PSJ 

hybrid diode-on-sapphire fabricated at Sheffield with the same dimensions are 

simultaneously presented in Figure 4.12. PSJ-on-sapphire hybrid diodes have 

the same structures and dimensions as PSJ-on-Si hybrid diodes using the same 

fabrication technology. 

From Figure 4.12, It can be observed that: 

1. Breakdown voltages show an upward trend with the increasing PSJ length 

(drift region).   

 

 

Figure 4.12 The BV of PSJ fabricated hybrid diodes are compared with the hybrid diodes-on-Si from 

POWDEC.K.K  and diodes-on-Sapphire as a function of LPSJ, which are measured at 25OC. 
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2. The BV for LPSJ =5 µm and LPSJ =10 µm for PSJ diodes on Si substrate are 

almost similar to that for PSJ diodes on Sapphire substrate. However, the BV 

for LPSJ =15 µm and LPSJ=20 µm of PSJ hybrid diodes on Sapphire substrate is 

much higher than PSJ-on-Si. This is possibly due to the difference in substrate 

resistivity. The insulating sapphire substrate has a relatively higher 

withstanding voltage capability in the vertical direction. Due to the vertical 

voltage limit, the PSJ-on-Si hybrid diodes cannot achieve the ultra-high 

breakdown voltage like those on sapphire substrates, similar to the challenge 

faced by the commercial GaN power devices on Si substrate[88], [90].  

3. Compared with the PSJ hybrid diodes provided by POWDEC.K.K, the 

breakdown voltages of PSJ hybrid diodes fabricated at Sheffield are 20% higher 

than the POWDEC PSJ hybrid diodes. The possible reason for the enhancement 

of BV is the optimised buffer layer structure. POWDEC PSJ-on-Si utilised the 

undoped GaN buffer layer. However, the fabricated Sheffield PSJ-on-Si hybrid 

diodes have a C-doped GaN buffer layer with high resistivity[91]–[93], 

enhancing the vertical voltage withstanding capability. Sadahiro Kato et al. 

[94]reported that the C-dope GaN buffer layer is crucial for improving 

breakdown voltage for the AlGaN/GaN HEMTs on Si substrates. The 

breakdown voltage of the C-doped buffer layer is mainly related to the C-

doping concentration. And it exceeds 800V when the C-doping concentration 

is 8e18 cm-3  [94].Yiqiang et al. [99] also reported that the carbon-doped GaN 
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buffer layer in the AlGaN/GaN HEMTs could suppress the leakage current and 

enhance the breakdown voltage（from 346V to 748V）.   
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 PSJ HFETs (I-V static characteristics) 

The fabricated PSJ HFETs are the three-terminal PSJ HFETs. Furthermore, the 

cross-section and dimensions of PSJ HFETs are illustrated in Figure 4.13. 

Typical Id-Vd characteristics of the fabricated PSJ HFETs (gate width=50 µm and 

LPSJ=5 µm) are presented in Figure 4.14. The measurement is carried through 

the Keysight B1500 semiconductor device analyser and measured at 25oC and 

in dark conditions.   

 Typical transfer characteristics of the fabricated PSJ HFETs are displayed in 

Figure 4.15. The kink phenomenon is observed from Figure 4.15 at Vgs=-3V. It 

is possibly related to the surface states along the upper GaN surface, and the 

effective surface passivation may possibly eliminate this phenomenon. 

 

Figure 4.13 The schematic cross-section and device dimensions of the fabricated PSJ HFETs. 
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However, the actual reason is under investigation and will be discussed in the 

future work. 

 

Figure 4.14 Typical Id –Vd characteristics of the fabricated PSJ HFETs at 25oC. 

 

 

 

 

 

 

 

 

 

Figure 4.15 Typical transfer characteristics of the fabricated PSJ HFETs at 25oC. 
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The threshold voltage (Vth) is -4.9V, almost identical to the value reported in 

[69]. Therefore, the functionality of PSJ HFETs-on-Si substrate has been 

achieved.  

 

 

(a) 

 

(b) 

Figure 4.16 (a) The mask layout of the PSJ HFETs (b) the specific Ron·A as a function of LPSJ of PSJ HFETs 

with different gate widths (50,200,500,800 and 1000 um). 
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  The mask layout of the fabricated PSJ HFETs is displayed in Figure 4.16 (a). It 

 

(a) 

 

(b) 

Figure 4.17 (a) Typical I-V characteristics of PSJ HFETs with LPSJ =5um as function of elevated 

temperature(25oC to 125oC) (b) the measured specific Ron·A as a function of LPSJ (5um to 25 um)and 

elevated temperature(25oC to 125oC).  
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includes PSJ HFETs with various gate widths (50,200,500,800, and 1000 µm), 

and LPSJ varies from 5 µm to 25 µm at certain gate widths. Therefore, the 

relationship between specific Ron·A and the length of PSJ region (LPSJ) and gate 

Width impacts on specific Ron·A are plotted in Figure 4.16 (b).  

Figure 4.16 (b) illustrates that when comparing all PSJ HFETs with various gate 

widths, the specific RonA has a linear relationship with the LPSJ. This is brought 

on by the channel resistance rising as the active area's length rises.  

The device's scalability depends on the gate width effect on the specific Ron·A.  

The Id-Vd curves of PSJ HFETs with LPSJ=5 µm at Vgs=0V as a function of the 

temperature ranging from 25oC to 125oC are displayed in Figure 4.17 (a).  

Moreover, the specific Ron·A shows an upward trend with the temperature rise, 

as presented in Figure 4.17 (b). The reason for the rise of the specific Ron·A is the 

carrier mobility reduction caused by the scattering [89]. 
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 The Off-state Breakdown Voltage(BV) for PSJ HFETs  

 

(a) 

 

(b) 

Figure 4.18 (a) the off-state breakdown characteristics of PSJ HFETs with different LPSJ ranging from 5 um 

to 20 um(b)the relationship between BV and LPSJ of PSJ HFETs from Sheffield PSJ HFETs on Si and 

sapphire substrate and POWDEC PSJ HFETs-on-Si substrate.  
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The off-state breakdown voltage (BV) for PSJ HFETs is measured through 

Agilent Keysight B1505A Power Device Analyzer / Curve Tracer. All these 

measurements are processed under dark conditions and at room temperature.  

The off-state breakdown characteristics with varying LPSJ ranging from 5 µm to 

20 µm are illustrated in Figure 4.18 (a). Vgs is set at -15V, which guarantees the 

devices are fully turn-off. The relationship between BV and LPSJ of fabricated 

PSJ HFETs is presented in Figure 4.18(b). The BV of fabricated PSJ-on-Sapphire 

substrate at Sheffield and PSJ HFETs-on-Si substrate provided by 

POWDEC.K.K are also shown in Figure 4.18 (b).   

It can be found that: 

1. The BV of PSJ HFETs increases with PSJ (LPSJ) length. 

2. The fabricated PSJ HFETs on Si substrate initially increase with LPSJ, but then 

gradually saturates. However, BV for fabricated PSJ HFETs-on-Sapphire 

devices increases linearly with LPSJ and the BV for LPSJ=15 µm and 20 µm is 

much higher than that on Si substrate. This trend is identical to that obtained 

from PSJ hybrid diodes. This is due to the vertical BV limit of the GaN buffer 

grown on the Silicon substrate. GaN buffer thickness utilised in Sheffield is 

around 4 um.  

3. Compared with the BV for PSJ HFETs from POWDEC (around 730V for LPSJ 

=15 µm), the BV for Sheffield PSJ HFETs on Si substrate increased by 

approximately 50 %. 
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The relationship between the BV and Specific Ron·A for the Sheffield PSJ power 

devices on Si substrate is illustrated in Figure 4.19. The Specific Ron·A can be 

calculated based on the equation below: 

𝑅𝑜𝑛 ∙ 𝐴 =
𝐿𝑆𝐷

𝜌𝑉𝑔=0

 

Where LSD is the distance between source to the drain, 𝜌𝑉𝑔=0
 is the conductivity 

of the PSJ HFETs obtained from the Ids-Vds characteristics at Vg=0V. And LSD is 

converted to LAC (the distance of the Anode to cathode) in the PSJ diodes. 

Moreover, the trade-off relationship of POWDEC PSJ-on-Si power devices and 

PSJ-on-Sapphire power devices from Kawaii [69] are also plotted in the graph 

for comparison.  

It can be found that: 

 

Figure 4.19 The relationship between the breakdown voltage and Specific Ron·A of the Sheffield PSJ-on-Si 

substrate, POWDEC PSJ-on-Si and PSJ-on-sapphire power devices from Kawaii et al. [69]. 
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1. Compared with the POWDEC PSJ-on-Si hybrid diodes, Sheffield PSJ-on-Si 

power hybrid diodes have a relatively higher breakdown voltage. However, 

the Specific Ron·A for the latter is slightly higher than that for the former. 

Similarly, the PSJ-on-Si HFETs from Sheffield have relatively higher BV and 

specific Ron·A than those from POWDEC. 

2. PSJ-on-Sapphire power devices shown in [69] have a higher breakdown 

voltage than PSJ-on-Si power devices from Sheffield and POWDEC. 

Specifically, the BV for PSJ-on-Sapphire power devices with LPSJ=20 µm is over 

2100V. However, the BV for PSJ-on-Si power devices with LPSJ=20 µm is around 

1200V. Moreover, the Specific Ron·A of the PSJ-on-Sapphire power devices are 

similar to that of PSJ-on-Si power devices, representing that they are unsuitable 

for ultra-high voltage applications. 

4.5. Summary 

This chapter serves as the initial introduction to the presentation and 

discussion of the static on-state and off-state breakdown characteristics of the 

fabricated PSJ-on-Si HFETs and diodes at the University of Sheffield. 

This chapter discusses the impacts of finger length and finger quantity on 

current handling capacity and the Specific RonA of PSJ hybrid diodes on Si 

substrate, which is crucial for the scalability of PSJ power devices. It is found 

that the specific on-state resistance increases with the length of the PSJ region. 

Moreover, the current handing capability increases with the finger quantity. 
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Furthermore, the effects of temperature on I-V characteristics are also 

evaluated. When the temperature rises, the current density of the PSJ hybrid 

diode tends to decrease. The drop in current density of the PSJ hybrid diode at 

high temperatures is caused by the reduction of the 2DEG carrier mobility 

caused by polar-optical-phonon scattering. However, the current can be further 

scaled up with increase in the length of the devices through using the thick 

metals, such as the Copper in the process. 

The breakdown voltages of Sheffield PSJ hybrid diodes and HFETs are 20% and 

50%, respectively, higher than those of POWDEC PSJ-on-Si power devices due 

to the high-resistivity C-doped GaN buffer layer, improving the vertical 

voltage withstanding capability. Moreover, it is also found that the BV of PSJ 

HFETs and diodes initially increases with PSJ (LPSJ) length but then gradually 

saturates. This is because the GaN buffer grown on the Si substrate limits the 

breakdown voltage of PSJ HFETs or hybrid diodes. 

In this chapter, the correlation between the breakdown voltage and Specific 

RonA for fabricated PSJ-on-Si power devices from the University of Sheffield is 

first published. Compared with the PSJ-on-Sapphire power devices reported in 

[69], Sheffield PSJ-on-Si power devices have a lower breakdown voltage at the 

given length of PSJ, which is due to the lower vertical breakdown voltage limit 

of the GaN buffer grown on the Si substrate.  
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Chapter 5. Investigation of Shift in Threshold Voltages of 1.2kV 

GaN Polarization Superjunction (PSJ) HFETs 

The shift in threshold voltages (Vth) of 1.2 kV P-GaN ohmic-gate Normally-on 

Polarization Superjunction (PSJ) HFETs is reported for the first time in this 

chapter. Pulsed-mode measurement results of threshold voltage shifts under 

different gate stress biases are presented. A comprehensive analysis of 

threshold voltage shifts under different gate stress voltages and temperatures 

is discussed. Moreover, recovery processes are observed under positive and 

negative stress voltages. Temperature effects on the Vth are also evaluated 

through pulsed-mode measurements. The results also confirm that the current 

collapse is quite low in PSJ HFET. As a comparison, the Vth shift results from 

the Schottky gate PSJ HFETs are also reported in this chapter. 

5.1. Threshold Voltage (Vth) shift in P-GaN gate PSJ HFETs 

 Introduction 

The Vth shift phenomenon is widely existing in GaN power devices, and it 

determines the reliability and performance of devices. Several studies have 

demonstrated and discussed Vth shift mechanisms in the normally-off P-GaN 

gate HEMTs [95]–[98]. The main cause of the Vth shifts is the charge 

trapping/detrapping mechanism with typical acceptor trapping levels (Ea) in 

the GaN HEMTs reported in several studies. Bisi et al. [99]depicted a detailed 

summary of the catalogued deep levels for a range of activation energies, the 
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list of reference papers, the type of analysed samples, and one or more 

hypotheses on the origin of these traps as reported by various authors at the 

time of its publication. The spectrum of these defects is rather large and varies 

depending on many factors, such as growth conditions etc. [99]. Moreover, they 

also reported the typical trap levels of Ea from 0.14eV to 0.86eV[99].Moreover, 

Kuzuhara et.al[100](Ea=0.28eV to 0.64eV), Alberto.M.Angelotti et.al 

[101](Ea=0.36eV to 0.68eV) and Gaudenzio Meneghesso et.al [102](Ea=0.099 eV 

to 0.631eV) reported the very similar range of trap levels value. 

This chapter reports the Vth shift mechanisms in the normally-on 1.2kV P-GaN 

ohmic gate GaN PSJ HFETs through pulsed-mode measurements. Vth shifts 

caused by the charge trapping mechanisms under positive and negative gate 

stress voltages are discussed separately. Recovery processes are also presented 

with varying measuring times. Moreover, the current collapse in PSJ HFETs is 

evaluated through the pulsed Id-Vds characteristics. Finally, the shifts in Vth as a 

function of temperature are also discussed. 
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 Device structure and dimensions 

The devices under test (DUTs) are 1.2 kV ohmic gate PSJ HFETs on Sapphire. 

The P-GaN ohmic gate is designed for charging/discharging 2DHG during the 

off-state/switching as well as depleting 2DEG under strong negative bias. 

Figure 5.1 illustrates the cross-section of the GaN PSJ HFETs. PSJ structures (u-

GaN/AlGaN/u-GaN) are capped with the P+GaN ohmic gate contact. The Mg 

doping concentration of the P+ GaN and P-GaN layers is 1e20 cm-3 and 1e19 

cm-3, respectively. Their thicknesses are 43nm and 30nm, respectively. 

Moreover, the thickness of the top and bottom u-GaN layers are 20nm and 

800nm, respectively. The AlGaN thickness is 25nm with an Al content of 0.3. 

The gate widths of DUTs are 1mm, and cross-sectional dimensions are shown 

in Figure 5.1. 

 

Figure 5.1 The Cross-section schematics of P-GaN ohmic gate PSJ HFETs. 
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 Pulse-mode measurement setup and conditions 

Pulse-mode Id-Vds and transfer measurements are carried out using the 

Keysight B1500A device curve tracer at room temperature and under dark 

conditions. In a typical pulsed transfer measurement, during the stressing 

period, a constant voltage is applied to the gate. During the measuring period, 

pulsed gate voltages of increasing magnitude (Vgs) are applied in sequence at 

the gate, and the Ids-Vgs curves are extracted during the measuring period. 

Under these conditions, applied drain voltages are pulsed voltages of fixed 

magnitude (Vds). Typical test waveforms are shown in Figure 5.2(a). The pulse 

width is set at 0.5ms (limited by the equipment), the duty cycle is 0.1%, the 

quiescent drain voltages (Vdsq) are held at 0V, and Vds is 1V minimises the self-

heating effects. The quiescent gate voltage (Vgsq), which is also defined as the 

stress voltage, is varied. The pulsed transfer measurement setup and conditions 

are shown in Figure 5.2 (a). 
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(a) 

 

(b) 

Figure 5.2 The measurement conditions and setup for (a) pulsed-transfer measurements; and (b) pulsed 

Ids-Vds characteristics for analysing the Vth shifts in PSJ HFETs. 
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 Vth shift under positive gate stress voltages 

Due to the nature of the field shaping and charge balance, PSJ HFETs with LPSJ 

equal to 15um can achieve a breakdown voltage over 1200V[70]. For this study, 

we utilised small devices with similar dimensions (except in cases with 

different lengths of PSJ) to investigate the Vth shift. The gate leakage current is 

a typically observed reverse PiN junction current when the gate is negatively 

biased. Conversely, when the gate is positively biased, the current increases 

due to hole injection when the bias is higher than 3.4V, as shown in Figure 5.3. 

We considered PSJ HFET with LPSJ=15um, and the measured Vth is -5V when 

no gate stress is applied. As shown in Figure 5.4 (a), negative Vth shifts in the 

 

Figure 5.3 Typical Gate Current characteristics (Igs-Vgs) of the PSJ HFETs measured at Vds=1V. 
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PSJ HFETs can be observed under positive stress gate voltages from 0V to 

 

(a) 

 

(b) 

Figure 5.4 (a)Typical pulsed transfer characteristics of PSJ HFETs measured at Vds=1V and quiescent 

Vdsq=0V, under different stress gate bias Vgsq, ranging from 0V to 3.4V.(b) the trapping mechanisms under 

positive gate stress 
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+3.4V. The trapping mechanisms in the energy band diagram under the 

positive gate stress is illustrated in Figure 5.4(b). Holes are injected from the 

gate and P+GaN layer. Some holes are captured by the traps located in the top 

u-GaN layer or accumulated at the heterointerface of U-GaN/AlGaN due to the 

low mobility of 2DHG. Some of these could potentially move across the 

GaN/AlGaN band barrier, enter into the AlGaN layer, and be trapped by the 

hole traps. Therefore, more electrons are induced for charge neutrality, causing 

a rise in 2DEG. When the positive gate stress voltage is removed, the induced 

electrons are not reduced immediately, thus causing a negative Vth shift in a 

 

Figure 5.5 Vth shift value (∆Vth) with different LPSJ =15um,20um,40um,50um and 70um. 

 

 

 

 



P a g e  | 116 

 

manner similar to those from normally-off P-GaN gate AlGaN/GaN 

HEMTs[95]–[98]. 

The relationship between the Vth shift value (∆Vth) and different LPSJ (from 

15um to 70um) is presented in Figure 5.5. The Vth shift mechanisms of them 

under positive gate stress are identical to the Lpsj=15um. Despite the fact that 

2DHG exists at most of the drift regions, the heterointerface of top u-

GaN/AlGaN along with the LPSJ, the injected holes are mainly concentrated 

under the gate region and involved in the Vth shift, which is possibly due to 

the low mobility of 2DHG (lower than  16 cm2/V-sec)[85]. 

 

Figure 5.6 Typical pulsed transfer characteristics of PSJ HFETs were measured at Vds=1V and quiescent 

Vdsq=0V. The measuring time ranges from 0.5ms to 100ms, and the stressing time is fixed at 500ms under 

gate stress voltages (a) Vgsq =+1V and (b) Vgsq =+3V 
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The recovery process is observed through varied measuring period time 

presented in Figure 5.6. In these tests, the stressing time is fixed at 500ms, which 

is adequate to ensure that the holes are completely trapped. It can be observed 

that, with the increase of the measuring times, the positive Vth shifts gradually 

saturate over time. The mechanisms during the recovery process can be 

explained as follows: the holes are injected and trapped in the AlGaN layer 

under the positive stress voltages during the stressing period. However, during 

the measuring period, the gate voltages transit from positive biases (the 

stressing period) to negative biases (the measuring period). Thus, the trapped 

and accumulated holes are de-trapped because of the applied reverse bias. 

Therefore, with the increase in measuring time, more holes are released from 

the AlGaN layer, reducing the density of 2DEG. The positive Vth shifts 

gradually saturate because the trapped holes are fully de-trapped during the 

relatively long recovery period. Typical pulsed Id-Vds characteristics measured 

under different positive gate stress voltages to evaluate the current collapse due 

to the Vth shift are as shown in Figure 5.7. In these tests, during the stressing 

period, gate stress voltages of varying magnitudes (Vgsq) are applied to the gate 

and the applied drain voltage Vdsq is zero. During the measuring period, the Vgs 

is fixed at a steady value, pulsed drain voltages of increasing magnitude (Vgs) 

are applied to the drain and Id-Vds are extracted during the measuring period. 

The detailed measurement conditions are shown in Figure 5.2(b): The Vgs 
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maintains at 3V, and the stress gate voltages (Vgsq) range from 0V to 3V. The 

quiescent drain voltages (Vdsq) is 0V.  

 The positive gate stress voltages have not induced any significant differences 

in the on-state resistances in the linear region. Under the low drain voltage, the 

trapping is challenging to occur laterally from gate to drain. However, under 

the positive gate stress, it is more possible to happen under the gate, causing 

holes injection, trapping effects and negative Vth shifts. This is why no variation 

of on-state resistance but a marginal increase in the saturation Id is observed. 

This interpretation of this phenomenon is also reported in [95]. The Id variation 

at the saturation region is around 0.065A/mm in[95], but it is only 0.02A/mm of 

PSJ HFETs (both measured at Vds=6V and Vgsq=+3V) presented in Figure 5.7. 

 

Figure 5.7 Typical pulsed Id-Vds characteristics of PSJ HFETs were measured at Vgs=3V with different 

stress gate voltages (Vgsq), ranging from 0V to 3V. 
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Compared to the P-GaN gate HEMTs in [95],  PSJ HFETs show similar results 

but much lower magnitudes. The marginal Id increase is negligible in the PSJ 

HFETs, consistent with the results reported in [69], which show minimum 

current collapse. 

 Vth shift under negative gate stress voltages 

Pulsed transfer characteristics under different negative gate stress voltages are 

shown in Figure 5.8 (a). The positive Vth shifts with the increase in negative 

gate stress voltages (from -7V to 0V) present a reverse trend to the positive gate 

stress voltages test. The trapping mechanisms under the negative gate stress 

are illustrated in Figure 5.8(c). Similarly, the electron trapping process is also 

displayed in the band diagram at Vgs,stress=-3V. Under the negative gate stress, 

 

(a) 
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some of the electrons are trapped by the GaN buffer traps. Some of the electrons 

 

(b) 

 

(c) 

Figure 5.8. (a) Typical pulsed transfer characteristics of PSJ HFETs were measured at Vds=1V and 

quiescent Vdsq=0V under negative stress gate bias Vgsq, ranging from 0V to -7V. (b) the Vth shifts as a 

function of varying gate stress voltages in PSJ HFETs(C)The trapping mechanisms under negative gate 

stress. 
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can potentially cross the AlGaN/GaN barrier and be captured by the electron 

traps in the AlGaN layer. The electron trapping causes the reduction of the 

2DEG, resulting in the positive Vth shift when the gate stress voltage is 

removed. The magnitude of the Vth shift value shows a linear relationship with 

the magnitude of the negatively increasing stress voltages, as shown in Figure 

5.8 (b). 

The recovery processes at the off-state (Vgsq below -5V) during the stress period 

are presented in Figure 5.9. The measurement conditions are identical to the 

previous test shown in Figure 5.9 but with different gate stress voltages. As 

 

Figure 5.9 Typical pulsed transfer characteristics of PSJ HFETs measured at Vds=1V and quiescent Vdsq=0V. 

The measuring time ranges from 0.5ms to 100ms, and the stressing time is fixed at 500ms under gate stress 

voltages Vgsq=-7V. 
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shown in Figure 5.9, negative Vth shifts gradually saturate when the measuring 

times increase from 0.5ms to 100ms at Vgsq= -7V. It can be explained as follows: 

During the negative stress period, electrons are captured by the traps in AlGaN 

or buffer layer. During the measurement, the gate voltages are less negative 

than Vgsq. Therefore, the electrons are de-trapped from the trap states in the 

AlGaN or bottom u-GaN buffer layer. With the increase in the measuring time, 

more electrons are de-trapped from the AlGaN or buffer layer, causing an 

increase in electrons in the 2DEG channel and accompanying the negative Vth 

shift. With the measuring time increasing further, all the trapped electrons 

saturate, and so do the Vth shifts. 

 

Figure 5.10 Typical pulsed Id-Vds characteristics of PSJ HFETs were measured at Vgs=3V with different 

stress gate voltages (Vgsq), ranging from 0V to -4V. 

 

 

 



P a g e  | 123 

 

Similarly, pulsed Id-Vds characteristics are measured under negative gate stress 

voltages ranging from 0V to -4V, shown in Figure 5.10. Vdsq is kept at 0V. The 

measurement conditions are shown in Figure 5.2(b). Like the positive gate 

stress tests, the negative stress gate voltages do not cause any variation in the 

on-state resistance in the linear region. Due to the current collapse, the Id shows 

a slight downward trend in the saturation region with the negatively increasing 

gate stress voltages. Furthermore, these marginal variations also confirm the 

current collapse is negligible in PSJ HFETs.  

 The Vth shifts under positive stress voltages as a function of 

temperature 

Pulsed transfer characteristics are measured under different temperatures, 

ranging from 20oC to 150oC. The gate stress voltages are set at 3V, and the 

steady Vds is 1V (Vdsq is 0V). The Vth shift values are extracted from each 

measurement of three identical devices under different temperatures at a 

current density of 10mA/mm, as shown in Figure 5.11.  

   Initially, it can be observed that the magnitude of |∆Vth| increases from 20oC 

to 100oC. However, with a further rise in temperature, |∆ Vth| gradually 

saturates[97][109]. This trend is similar to the results reported in [97], [98]. 

These Vth shift mechanisms in PSJ GaN HFETs can be explained as follows: at 

the start, an increase in temperature from 20oC to 100oC results in more holes 

being generated due to the rise in the activation of Mg. Thus more holes are 
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trapped and accumulated in the AlGaN layer, causing the negative Vth shifts at 

100oC. However, with the temperature increasing further, although the hole 

density increases, the de-trapping behaviour becomes more dominant, 

compromising the further increase of the Vth shift value.  

Additionally, another thermal mechanism of the 2DEG that can be responsible 

for this trend is mentioned in [97]: more 2DEG electrons are thermally activated 

from the channel states into the AlGaN layer with the temperature rise. This 

mechanism causes the positive Vth shifts, compensating for the negative Vth 

shifts caused by hole-trapping processes. Therefore, the |∆Vth| saturates when 

the temperature increases above 100oC.   

 

Figure 5.11 the Vth shifts as a function of different temperatures in PSJ HFETs, the gate stress voltage is 

+3V, and the steady Vds is 1V (Vdsq is 0V). The Vth is extracted at 10mA/mm. 
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5.2. Threshold Voltage (Vth) shift in Schottky gate PSJ HFETs 

The Vth shift in Schottky gate PSJ HFETs is also studied as a comparison. The 

samples were fabricated in the Fab Lab at the University of Sheffield. 

 Devices structures, parameters and fabrication details  

  Figure 5.12 (a) depicts the dimensions and cross-section of the manufactured 

Schottky-gate PSJ HFETs. The top and bottom u-GaN layers have 20 nm and 

800 nm thicknesses, respectively. With an Al mole fraction of 0.23, the AlGaN 

thickness is 47 nm. The doping density of Mg is 1e20 cm-3 and 1e19 cm-3 in the 

P+GaN and P-GaN layers, with thicknesses of 3nm and 17nm, respectively. 

Source and Drain electrodes (Ti/Al/Ni/Au) were deposited on the AlGaN layer 

and formed the ohmic contact with the 2DEG through thermal annealing at 

800oC in N2. P+ GaN ohmic contact (Ni/Au) is deposited on the P+GaN layer, 

defined as the base contact and assists in transporting holes. The additional 

metallisation (Ti/Au) connects the base and source contact. Figure 5.12 (b) 

      

                                                 (a)                                                                                   (b) 

Figure 5.12 (a) The schematics cross-section and（b）the photograph of Schottky-gate PSJ HFETs. 

 



P a g e  | 126 

 

presents the top view of the photograph of the fabricated PSJ Schottky-gate 

HFETs. 

 Vth shift under positive and negative gate stress voltage 

Following the similar pulse-mode measurement setup and conditions 

mentioned, the Vth shift is measured under the positive and negative gate stress 

voltage. 

According to Figure 5.13, no Vth shift in the PSJ Schottky gate HFETs under 

positive stress gate voltages can be observed. This phenomenon is inconsistent 

with the results shown in P-GaN gate HFETs when the positive gate stress 

voltage is applied [97], [98]. This is because there aren't any injected holes from 

 

Figure 5.13 The pulsed transfer characteristics of PSJ schottky gate HFETs measured at Vds=1V and 

quiescent Vdsq=0V, under different stress gate bias Vgstress, ranging from 0V to 4V.(b) the Vth shift as a 

function of varying gate stress voltage in PSJ HFETs, Vth is extracted at 1mA/mm. 
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the Schottky gate. Hence there isn't any Vth shift when the gate is under 

positive gate stress voltage.  

Vth shift mechanisms are also analysed under the same conditions on these 

devices but with negative gate stress voltages. The pulsed transfer 

characteristics at the various negative gate stress voltages are displayed in 

Figure 5.14. Positive Vth shift with the negative gate stress voltage increase can 

be observed. Three identical devices are measured under the same conditions. 

We can find that the maximum average ∆Vth is +0.96 V at Vgstress=-4V. This 

phenomenon is similar to P-GaN gate PSJ HFETs. The shift mechanisms are 

also the same. 

 

Figure 5.14 The pulsed transfer characteristics of PSJ schottky gate HFETs measured at Vds=1V and 

quiescent Vdq=0V under different negative stress gate bias Vgstress, ranging from 0V to -4V. 
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5.3. Summary 

Vth shift mechanisms in normally-on GaN PSJ HFETs through pulsed Id-Vds 

and transfer characteristics measurements under the positive and negative gate 

stress voltages are reported for the first time. Under positive gate stress voltage 

conditions, more holes are injected into the AlGaN layer or u-GaN/AlGaN 

hetero-interface and then trapped and accumulated by the hole trap states. 

Thus, the trapped or accumulated holes cannot escape immediately when the 

reversed negative gate voltages are applied during the measuring period, 

inducing more electrons in the 2DEG channel, and causing negative Vth shifts. 

Despite the presence of the 2DHG extended beyond the gate, the injection of 

holes is restricted to the gate contact regions. When the negative gate stress 

voltages are applied, electrons are trapped by the electron trap states in the 

AlGaN layer or GaN buffer layer, causing the positive Vth shifts. The Vth shifts 

are also presented during the recovery processes by varying the measuring 

times. With the increase in the measuring times, more trapped electrons and 

holes will be released, causing the Vth shifts. Moreover, from the pulsed Id-Vds 

characteristics, positive and negative gate stress voltages cause a much lower 

magnitude of the differences in the saturation current than P-GaN gate HEMTs, 

indicating that current collapse is significantly reduced in PSJ HFETs.  

Furthermore, the temperature effects on the Vth shifts under the positive gate 

stress voltages are also discussed. |∆Vth| increases when the temperature rises 



P a g e  | 129 

 

from 20oC to 100oC. Thermally-activated holes and 2DEG electrons cause this 

phenomenon. As the temperature increases, more holes are trapped and 

accumulated in the AlGaN layer, causing the negative Vth shifts. However, the 

strengthened recovery processes cause the positive Vth shifts, which 

compensate for the negative Vth shifts caused by the enhanced holes injection 

and accumulation processes, which induce the saturation of the |∆Vth|. 

Compared with the P-GaN gate PSJ HFETs, the Vth shift in Schottky gate PSJ 

HFETs has different performances. There is no Vth shift when positive gate 

stress voltage is provided since no injected holes are present. However, a 

positive Vth shift is observed under the negative gate stress voltage.  
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Chapter 6. GaN Polarization Superjunction diode current 

saturation behaviour 

In this chapter, the current saturation behaviour observed in AlGaN/GaN 

diodes, PSJ hybrid diodes and PSJ PiN diodes fabricated on a sapphire 

substrate is discussed, and their operating mechanisms are highlighted. PSJ 

hybrid diodes and PSJ PiN diodes are 1.2kV capable power diodes. 

6.1. Current saturation behaviour in conventional AlGaN/GaN diode 

 Device structures and Measurement results 

AlGaN/GaN diodes have very similar device structures to the conventional 

AlGaN/GaN HEMTs, except that there is no gate structure. The schematic 

cross-section of the conventional AlGaN/GaN diode is presented in Figure 6.1. 

The cathode is composed of the metal stacks of Ni/Au and deposited on the 

AlGaN layer. And then, it forms the ohmic contact with 2DEG through rapid 

thermal annealing (RTA). The condition is that 800oC in N2 ambient for 1min. 

 

Figure 6.1 The schematic cross-section of conventional AlGaN/GaN diode. 

 

 

 

 



P a g e  | 131 

 

The Anode composed of the metal stacks of Ni/Au was then deposited, forming 

the Schottky contact to the 2DEG.  When the diode conducts forwardly, the 

 

(a) 

 

(b) 

Figure 6.2 The typical forward I-V characteristics of conventional AlGaN/GaN diode with(a)LAC=5 µm 

and (b) LAC=10 µm 
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electrons flow from the Anode to Cathode through the 2DEG channel. 

Therefore, this diode's only carriers are electrons（2DEG）, indicating that it is 

a unipolar power device.  

All these AlGaN/GaN power diodes are fabricated in the cleanroom fab lab in 

Sheffield.The widths of the test conventional AlGaN/GaN diodes are 50 µm. 

Their forward I-V characteristics with LAC=5 and 10 µm are displayed in Figure 

6.2, respectively. In this chapter, unless stated otherwise, the results are from 

measurements carried out via the B1500A Semiconductor Device Parameter 

Analyzer and processed under dark conditions and at room temperature. 

Pulse-mode tests are also presented in Figure 6.2, with a pulse width set at 500 

µs and a duty cycle of 0.1%. This setup minimises the generated heat, and 

therefore self-heating effects are minimised. 

Figure 6.2 illustrates that the AlGaN/GaN diodes present current saturation 

behaviour with the saturation voltage around Vsat=6V and Von-set=0.5V 

(measured at 1mA/mm) at T=25oC for both LAC=5 and 10 µm. The self-heating 

effects have marginal effects on the Vsat. However, a minor increase in Isat is seen 

in the pulse-mode tests, and therefore, it can be presumed that the minimum 

differences are caused by the self-heating effects [103]. The generated heat 

causes the reduction of electron mobility. The same Vsat is obtained under the 

DC- and Pulse-mode tests, indicating that the influence of self-heating effects 

is minimal in terms of the current saturation behaviour. 
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 Simulation results and analysis 

To understand the physical mechanisms underlying the current saturation 

behaviour, Silvaco Atlas TCAD is used to create the simulation model for the 

AlGaN/GaN diode. The physical models in the simulation include POLAR 

(spontaneous polarisation) and CALC.STRAIN (piezoelectric polarisation), 

SRH (Shockley-Read-Hall, carrier generation recombination). The defined 

mobility of 2DEG is 1500cm2/Vs[35][43].The simulated devices are identical 

with the measured devices. 

The simulated forward I-V curves are displayed in Figure 6.3(LAC=5µm and 

width is 50µm) which also shows the current saturation behaviour. More 

specifically, Vsat is around 8V, and Von-set is around 1.6V (obtained at 1mA/mm) 

at T=25oC.  

 

Figure 6.3 The simulated forward I-V characteristics of conventional AlGaN/GaN diode 
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The electron distribution along the 2DEG channel under increasing bias is 

shown in Figure 6.4(b). It can be observed that the electron concentration at the 

edge of the Anode decrease with the rise of the VAC in the linear region (from 

VAC=2V to 8V). However, it drops dramatically when VAC exceeds 8V (at the 

saturation region). 

 

(a) 

 

(b) 

Figure 6.4 (a) the schematic cross-section of conventional AlGaN/GaN diodes with a cutline at the 2DEG 

channel. (b)the electron concentration distribution along the 2DEG channel. 
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Moreover, the electric field distribution along the 2DEG channel under various 

forward biases is presented in Figure 6.5. When the VAC rises, the electric field 

peak at the edge of the anode increases substantially.   

It can be inferred from the electron concentration and electric field distribution 

throughout the 2DEG channel that the current saturation behaviour in 

AlGaN/GaN diodes is caused by the velocity saturation of electrons. The reason 

for this is as follows: as the bias increases, the electric field near the anode's 

edge grows significantly due to the potential difference, leading to pinch-off 

effects in this area. As a result, the AlGaN/GaN diode experiences velocity 

saturation because the high electric field accelerates the electrons until they 

reach the saturated velocity.  

 

Figure 6.5 The electric field distribution along the 2DEG channel at different VAC (from 0V to 10V). 
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6.2. PSJ Hybrid diode current saturation behaviour 

 Introduction  

As stated in Chapter 4,PSJ hybrid diode is firstly reported in [71],which has the 

low on-set voltage(0.4V),low specific RonA (14mΩ·cm2) and high BV(2.5kV) 

[71].It has a merged PSJ Schottky diode and PSJ PiN diode. PSJ Schottky diode 

only has a Schottky contact above the AlGaN layer together with PSJ 

heterostructures and ohmic Cathode. However, the PSJ PiN diode is composed 

of the p-type ohmic contact above the P-GaN layer, PSJ PiN heterostructures 

and ohmic Cathode. The schematic cross-section of the PSJ hybrid is illustrated 

in Figure 6.6. The anode is composed of the Schottky contact and P-type ohmic 

contact. The cathode forms an ohmic contact with 2DEG. Therefore, the PSJ 

Schottky diode and PSJ PiN diode are connected in parallel, and the resistance 

 

Figure 6.6 The schematic cross-section of PSJ hybrid diode. 
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of the 2DEG region beneath the 2DHG determines the bipolar on-set voltage of 

the PiN diode. 

 Measurement results 

PSJ Hybrid diode also shows the current saturation behaviour. The forward I-

V curves of three identical large-area 1.2kV and 8A-PSJ hybrid diodes with 

multi-finger layouts are shown in Figure 6.7. The measurement is processed at 

room temperature through Curve tracer 371B. 

It can be observed that all these devices show the current saturation behaviour, 

and the saturation voltage is around 15V at T=25oC.  

Moreover, more PSJ hybrid diodes with shorter gate width (1mm) and 

simplified test structures, which is defined as the small devices in this chapter, 

are also measured at the same conditions and observed the same saturation 

 

Figure 6.7 The typical forward I-V characteristics of three identical PSJ hybrid diode 
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behaviour. The I-V curves of large and small PSJ hybrid diodes at different 

temperatures are also presented in Figure 6.8, respectively. Similarly, the 

measured curves by using the pulse-mode and DC-mode are not identical with 

 

(a) 

 

(b) 

Figure 6.8 The typical forward I-V characteristics of PSJ (a)small (b) large-area hybrid diode as a function 

of temperature (from 25oC to 175oC). 
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each other and the pulse-mode curves are flatter in the saturation region, which 

is due to the self-heating effects. However, it does not influence the saturation 

behaviour significantly. Therefore, it can conclude that both large and small PSJ 

hybrid diodes exhibit the same trend with an increase in temperature. And 

even when the temperature increases, the saturation voltage almost remains 

constant in the pulse-mode tests and slightly dropped because of the self-

heating effects. 

 Simulation results and analysis 

Following a similar analytical method through the simulation, the forward I-V 

characteristics of the PSJ hybrid diode are simulated in SILVACO TCAD. The 

simulation models are identical to the previous section.  

First, it is essential to figure out whether the PSJ hybrid diode is a bipolar device 

or not. Structurally, the PSJ hybrid diode merges a Schottky barrier diode and 

a PSJ PiN diode. As Figure 6.6 illustrates, 2DHG, AlGaN layer and 2DEG form 

 

Figure 6.9 The simulated current flow-lines distribution at VAC=10V in PSJ hybrid diode. 
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a PiN junction. The on-set voltage of the PiN junction is approximately 3.4V, 

which will be presented in the following sections. However, the on-set voltage 

for the Schottky diode ranges from 0.4V to 1V, indicating that when the voltage 

rises, the Schottky diode conducts first. Moreover, the turn-on mechanism of 

the PiN junction is resistive, which means the voltage drop across the 2DEG 

region beneath the PN region must be large enough to cause a resistive voltage 

drop of 3.4V. With the high concentration of 2DEG, this does not happen; 

 

Figure 6.10 The typical I-V characteristics of the PSJ hybrid diode obtained from the simulation and 

experiment. 
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therefore, the PN junction does not turn on. Thus, the PSJ hybrid diode operates 

as a unipolar power diode. 

 

(a) 
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The Simulated current flow lines of the PSJ hybrid diode at VAC=10V are also 

shown in Figure 6.9. It also proves that the PiN diode barely contributes to the 

 

(b) 

 

(c) 

Figure 6.11(a) the cutline is located along the 2DEG channel, (b)the electric field distribution, and (C) the 

electron distribution with the rise of the VAC(from 5V to 20V). 
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forward current, with most of the current flowing from the Schottky barrier 

diode to the cathode.  

Therefore, the PSJ hybrid diode are built in the simulation for analysing the 

saturation behaviour. It has the same dimensions with the measured small 

diodes with Lpsj=15um and W=1mm. The simulated results of the PSJ hybrid 

diode are displayed in Figure 6.10, and it is well fitted with the experiment 

results. The saturation voltage is around 15Vat T=25oC. With a rise in 

forwarding bias, the electric field and electron concentration distribution along 

the 2DEG channel are displayed in Figure 6.11(a). As Figure 6.11 illustrates, the 

mechanisms of the current saturation behaviour of the PSJ hybrid diode are like 

the AlGaN/GaN diode. Due to the absence of the minority carrier injection, the 

electrons are the only carriers. They are accelerated by the high electric field 

peak at the edge of the anode as a result of the potential difference between the 

anode and the 2DEG channel as the bias increases, resulting in velocity 

saturation behaviour at the pinch-off area. Therefore, it can be concluded that 

the velocity saturation of electrons and minimal conductivity modulation 

induced by the minority carrier in the drift region result in the observed current 

saturation behaviour of the PSJ hybrid diodes. 
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6.3. Current saturation behaviour in PSJ PiN diode 

The Bipolar GaN PSJ PiN diode is composed of the 2DHG, AlGaN intrinsic 

layer and 2DEG and has different mechanisms governing its current saturation 

behaviour.  

 Introduction 

Figure 6.12 depicts the on-state characteristics of the Si PiN rectifier. When it 

conducts under forwarding bias but at relatively lower current levels, the low-

level injection current is generated. And the current flow density is 

proportional to (qVon/kT). When the injected carriers further increase and 

achieve the high-level injection conditions (the injected carrier concentration is 

higher than the majority concentration in the drift region), the conductivity 

 

Figure 6.12 The on-state characteristics of Si PiN rectifier[104]. 
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modulation occurs, thus causing the slope to become exponential 

[exp(qVon/2kT)]. That is because, under high-level injection, the injected hole 

concentration in the drift region is higher than the N-doping concentration 

when the high-level injection occurs in the P+/N-/N+ junction.  To maintain 

charge neutrality in the drift region, an equal number of free electrons is also 

injected into the drift region. As a result, the drift region has a high 

concentration of free carriers, which exceeds its background doping 

concentration and lowers the on-state resistance. This phenomenon is named 

conductivity modulation [101]. Due to the conductivity modulation, the current 

density increases dramatically with the rising bias, and no current saturation 

behaviour can be observed in the Si PiN diode shown in Figure 6.12 [104].  

 Device structures and measurement results 

 PSJ heterostructures (u-GaN/AlGaN/u-GaN) are capped with the Mg-doped 

P-GaN and P++GaN layer, and their thickness is 43nm and 30nm, respectively. 

And the doping density of Magnesium (Mg) is 1e19 cm-3 and 1e20 cm-3, 

respectively. 2DEG and 2DHG coexist spontaneously at the interface of the 

AlGaN (000¯1)/GaN (0001) and GaN (000¯1)/AlGaN (0001), respectively. The 

thickness of the top and bottom u-GaN layers is 20nm and 800nm, respectively.  

AlGaN layer thickness is 25nm, and the Al content is 0.3. Therefore, the high 
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density of 2DHG and 2DEG, and the intrinsic area is the AlGaN layer will form 

the PiN junction. Moreover, the width of the device is 1mm.  

Figure 6.14 shows the typical I-V characteristics of the GaN PSJ PiN diode. The 

bipolar turn-on voltage is measured to be 3.4V (@1mA/mm) at T=25oC. 

 

Figure 6.14 Typical DC-mode I-V characteristics of the GaN PSJ PiN diode. 

 

 

 

Figure 6.13 The schematic cross-section of PSJ PiN diode. The AlGaN thickness is 25nm, and the Al mole 

fraction is 0.3. A and C represented Anode and Cathode. 
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However, the forward conductive characteristics have a unique current 

saturation behaviour. PSJ PiN diodes with different LPSJ are also measured, and 

their I-V characteristics are plotted in Figure 6.15. They all exhibit the current 

saturation behaviour, and the saturation voltage is unaffected by the PSJ length. 

All these results show identical current saturation behaviour with a similar 

saturation voltage independent of the length of PSJ. 

 Conductivity modulation evaluation in PSJ PiN diode 

In this work, following the previous introductions, conductivity modulation in 

the PSJ PiN diodes is initially evaluated through the Pulse-mode forward I-V 

characteristics with different pulse widths[74]. With the increase of the pulse 

width, more holes are injected in the AlGaN layer, inducing more significant 

conductivity modulation. These tests are carried out using the Keysight B1500A 

 

Figure 6.15 Typical DC-mode I-V characteristics of the GaN PSJ PiN diode with LPSJ=5,10,15, and 20 µm. 
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device curve tracer. The measurement conditions are similar to those for the 

vertical GaN PiN diode[74]. The pulse off-time is increased to 500ms to 

 

                      (a) 

 

(b) 

Figure 6.16 Forward pulsed I-V characteristics under different on-state periods varying from 0.5ms to 

2ms with the step of 0.5ms, and the pulse period is fixed at 500ms.(a)VAC from 0v to 20V (b) VAC from 4V 

to 5V. 
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eliminate the possible self-heating effects, and the pulse width (ton) varies from 

0.5ms to 2.5ms in steps of 0.5ms.  

Figure 6.16(b) shows that the current density for ton=0.5ms and 1.0ms is slightly 

lower than that for ton=1.5ms and 2.0ms under the relatively low bias (4V to 5V) 

at T=25oC. However, it doesn’t present a clear downward trend between Ron 

and the ton, indicating that Ron has almost no variation with the ton. Therefore, 

conductivity modulation can be argued to be negligible in the PSJ PiN diode. 

This is highly likely due to the very short carrier lifetime of the injected holes 

in GaN(around 1ns to 10ns)as well as low mobility of (less than 16 cm2/V-sec) 

[85] [105]. This behaviour is comparable to the results found in the vertical GaN 

PiN diodes [74][105]. Furthermore, the conductivity modulation is localised 

and mainly happens only at the AlGaN layer under the Anode region. 

Therefore, the insignificant and localised conductivity modulation in the PSJ 

PiN diode is one of the possible causes of the current saturation behaviour. 
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 Trap effects on the current saturation 

As reported in chapter 5, the marginal and localised conductivity modulation 

is also thought to be one of the causes of the current saturation behaviour in the 

PSJ PiN diode.  

Various works of literature report the existence of electron and hole traps in the 

AlGaN layer, which is presented in chapter 5. In exploring the Vth shift in PSJ 

HFETs, it has been proved that both the electron and hole trap states existed in 

the AlGaN layer. Therefore, trap states are also introduced in the AlGaN layer 

to investigate the current saturation behaviour.   

The physical models include POLAR (spontaneous polarisation) and 

CALC.STRAIN (piezoelectric polarisation), SRH (Shockley-Read-Hall, carrier 

generation recombination). The defined mobility of 2DEG and 2DHG 

1500cm2/Vs and 16cm2/Vs [68], [85], respectively used in the simulation. The 

hole carrier lifetime is defined as 1ns [105]. The dimensions of the simulated 

structures and the relevant parameters are consistent with the actual devices. 

Moreover, the equal electron and hole trap density is defined in the AlGaN 

layer, and their carrier capture cross-section is 1e-15 cm2[97].The simulated 

forward I-V characteristics with different trap concentration (6e18cm-3, 

6.5e18cm-3 and 6.7e18 cm-3) shown in Figure 6.17. There is no saturation 

behaviour when no trap is defined in the AlGaN layer below VAC=50V. 

However, the saturation voltage and current show a downward trend as the 
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trap density rises. The saturation current drops from around 1.5A for 6e18 cm-

3 to 0.6A for 6.7e18 cm-3, and the saturation voltage decreases from around 27V 

for 6e18cm-3 to 15V for 6.7e18cm-3 at T=25oC, demonstrating that the trap 

densities are a relevant cause for the current saturation behaviour in the PSJ 

PiN diode.  

It is known that the diffusion current dominates the forward current of the PiN 

diode[104]. Thus the diffusion current density (Jdiffusion) distribution of the PSJ 

PiN diode under various biases is presented in Figure 6.18. It rises initially with 

the increase of the bias(from 5V to 15V). However, it gradually saturates when 

the bias further increases from 15V to 25V in the AlGaN layer. 

 

Figure 6.17  Simulation: forward I-V characteristics with different trap concentration 
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The electron and hole velocity distribution of the PiN junction in the PSJ PiN 

diode with Electron and hole trap densities equal to 6.7e18 cm-3 are also shown 

 

(a) 

 

(b) 

Figure 6.18 (a) The distribution of the diffusion current density of the PiN junction and (b) Zoom-in the 

AlGaN layer under different biases (from 5V to 25V, the step is 5V) at the trap states concentration equal 

to 6.7e18. 
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in Figure 6.19(a) (b). Both initially increase with the bias (from 5V to 15V) and 

gradually saturate with the further increase of the voltages (from 15V to 25V) 

 

(a) 

 

(b) 

Figure 6.19 (a)The hole and (b) electron velocity distribution in the PiN junction under different biases 

(from 5V to 25V, the step is 5V) at the trap states concentration equal to 6.7e18 cm-3. 
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in the intrinsic region (AlGaN layer). The trend is consistent with the 

distribution of the diffusion current in the PiN junction, indicating that the 

current saturation behaviour is related to the saturation velocity of carriers in 

the AlGaN layer. 

Based on simulated results, the operation principles of the PSJ PiN diode are 

discussed. When a positive bias is provided to the anode less than the turn-on 

voltage (~3.4V), electrons and holes cannot pass through the GaN/AlGaN/GaN 

heterostructures.  

However, when the VAC exceeds the knee voltage, the electrons and holes can 

pass through the AlGaN layer. Trap-assisted transportation mechanisms refer 

to the tendency of the carriers to move via the trap energy levels because of the 

 

Figure 6.20 The operation principles of the trap-assisted mechanism for the PSJ PiN diode current 

saturation behaviour under the forward bias. 

 



P a g e  | 155 

 

high bandgap of the AlGaN layer [106]. Furthermore, the mobility and 

recombination rate of electrons/holes are decreased because of the high density 

of electron/hole trap states [107], [108]. Therefore, according to the simulation 

 

(a) 

 

(b) 

Figure 6.21 The distribution of the (a) hole saturation velocity of the PiN junction and (b) electron 

saturation velocity with different trap concentrations. 
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results, it was found that the high density of traps limits the velocity of the 

electrons/holes in the AlGaN layer at the saturation region. Unlike the velocity 

saturation mechanisms in the conventional AlGaN/GaN diode and PSJ hybrid 

diode, the carrier velocity saturation is caused by the high density of traps in 

the AlGaN layer instead of the high electric field.  Therefore, the carrier 

concentration at either side of the PiN junction gradually saturates, causing the 

saturation of the diffusion current.  

From Figure 6.21, in the saturation region (at VAC=30V), the electron and hole 

saturation velocity drop when the trap density increases from 6e18 cm-3 to 

6.7e18 cm-3. These findings also explain the declining tendency of saturation 

voltage and current as a function of trap density in the AlGaN layer, shown in 

Figure 6.17. Therefore, the simulation results indicate that trap-induced 

velocity saturation could be a possible mechanism for the saturation behaviour. 

Combined with the negligible and localised conductivity modulation discussed 

in the last section, they can comprehensively explain the saturation behaviour 

in the PSJ PiN diode. 

 

 

 

 



P a g e  | 157 

 

6.4. Summary 

The current saturation behaviour and the saturation mechanisms of the 

unipolar power GaN diodes: AlGaN/GaN diode and PSJ hybrid diode are 

firstly reported and discussed. It is found that velocity saturation, together with 

the minimal conductivity modulation induced by the minority carrier in the 

drift region resulting in the current saturation behaviour, is the main reason for 

the saturation behaviour in these two diodes. The simulation results present 

the high electric field region caused by the potential difference between the 

Anode and 2DEG channel, also referred to as the pinch-off region. Therefore, 

the electrons are speeded up at this region until the electron velocity is 

saturated when the bias increases.  In conclusion, the velocity saturation 

induced by the high electric field peak is responsible for the current saturation 

behaviour in the conventional AlGaN/GaN diode and PSJ hybrid diode.  

Moreover, a unique current saturation behaviour of the forward I-V 

characteristics of the bipolar PSJ PiN diode is also discussed. Firstly, due to the 

low carrier lifetime and hole mobility, the conductivity modulation is 

negligible and localised in the PSJ PiN diode, indicating that it is one of the 

critical causes of this phenomenon. Moreover, trap effects are also discussed 

according to the simulation results. It is discovered that as the trap density in 

the AlGaN layer increases, the saturation voltage and current drop. Therefore, 

the saturation velocity in the AlGaN layer is thought to be constrained by the 
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high density of traps. In conclusion, trap-induced velocity saturation is also 

responsible for the current saturation behaviour in the PSJ PiN diode. 
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Chapter 7. Gate leakage current mechanisms of PSJ HFETs 

This chapter discusses gate leakage current mechanisms in the P-GaN gate PSJ 

HFET. Measured Ig-Vg characteristics show unique saturation behaviour when 

gate voltage (Vg) is below the threshold voltage (Vth). Moreover, the gate 

leakage current mechanisms under reverse bias at the saturation and non-

saturation regions are discussed. These are composed of the vertical PiN 

junction reverse currents (IgV) and the lateral surface leakage currents (IgL). The 

temperature-dependent Ig-Vg characteristics are also measured from 25oC to 

150oC in steps of 25oC. The vertical PiN junction current becomes the primary 

current at the saturation region. In the non-saturation region, it was found that 

the surface leakage current is dominant, and the possible mechanism for the 

surface leakage current is the two-dimensional variable range hopping (2D-

VRH).  

7.1. Introduction 

GaN HEMT performance and reliability at high voltages are critically 

dependent on gate leakage current. The reverse gate leakage currents affect the 

power losses and gate breakdown voltages in the off-state. Moreover, the 

relationship between the p-GaN gate leakage current and the avalanche 

capability of P-GaN gate HEMTs is also reported  [109].  

The temperature-dependent gate current and voltage (Ig-Vg) measurements are 

used to assess the mechanisms governing gate leakage current in normally-off 



P a g e  | 160 

 

P-GaN gate AlGaN/GaN HEMTs [110]. It was discovered that the vertical 

leakage current at the intersection of the PiN junction current and the P-type 

Schottky junction might be separated from the gate leakage current. The two-

dimensional variable range hopping (2D-VRH) mechanism causes gate surface 

leakage current under the comparatively low positive gate bias and reverse bias 

[110].2D-VRH is a carrier transportation mechanism along with the surface 

electronic states [110]. Under the positive gate bias, thermionic field emission 

(TFE) is the dominant mechanism of gate current transport. The Poole-Frenkel 

emission (PFE) [111]and Trap-assisted tunnelling (TAT) [111]–[113]are widely 

thought to be the dominant leakage mechanisms for vertical gate leakage 

current in P-GaN Schottky gate/Schottky gate GaN HEMTs under negative gate 

biases. 

The PSJ HFETs considered herein are normally-on devices. Therefore, to turn 

these off, negative gate biases are required. Furthermore, it is crucial to 

investigate the gate leakage current mechanisms in such devices. Considering 

that the p-type ohmic gate contact is used in PSJ HFETs, the Poole-Frenkel 

emission (PFE) [111] and Trap-assisted tunnelling (TAT) [111]–[113] are 

considered to be not applicable. Therefore, this work addresses the gate leakage 

current mechanisms of the p-GaN ohmic gate PSJ HFETs through gate leakage 

current-voltage (Ig-Vg) measurements and simulation.  
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7.2. Device structures and parameters 

The device structure and dimensions are shown in Figure 7.1. 

 

Figure 7.1 The schematic cross-section of the PSJ P-GaN ohmic gate HFETs. 

 

 

Figure 7.2 Typical transfer characteristics (Ids-Vgs) of the PSJ HFETs were measured at Vds=1V. 

 

 



P a g e  | 162 

 

7.3. Electric static characteristics of devices 

Typical transfer characteristics are measured at Vds=1V, and Vth is -5Vshown in 

Figure 7.2. Furthermore, typical pulsed Id-Vd characteristics are measured at 

Vgs=-5V to 2V with the step of 1V and presented in Figure 7.3. The pulse width 

is 1ms, and the duty cycle is 1%. 

7.4. Gate leakage current measurement results 

The Ig-Vg measurement is carried through the 4200A-SCS Semiconductor 

Devices Parameter Analyzer under dark conditions and at room temperature.  

Generally, the gate leakage current of AlGaN/GaN HEMTs is composed of two 

components: a vertical component that travels through the Schottky gate 

 

Figure 7.3 Typical pulsed Id-Vd characteristics of the PSJ HFETs were measured at Vgs=-5V to 2V with the 

step of 1V. The pulse width is 1ms, and the duty cycle is 1% at room temperature. 
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contact and a lateral component that travels through two-dimensional variable 

 

(a) 

 

(b) 

Figure 7.4 (a)Typical gate leakage characteristics (Ig-Vg) of the PSJ HFETs with different lengths of 

PSJ(LPSJ):5,10,15,20,40,50,70 um at room temperature under dark conditions. (b) gate leakage current of PSJ 

HFETs with different LPSJ is extracted at Vg=-10V. 
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range hopping (2D-VRH) mechanisms [110], [114]. Similarly, the gate leakage 

current in PSJ HFETs can be split into the lateral surface leakage current (IgL) 

and the vertical reverse PiN junction current (IgV), as shown in Figure 7.1.  

 The threshold voltage (Vth) is -5V (measured at 1mA/mm). Gate leakage 

current characteristics (Ig-Vg) of the DUTs with different LPSJ are shown in 

Figure 7.4 (a). It can be observed that gate leakage currents initially increase 

with the rise in the negative gate voltages. However, the leakage currents 

gradually saturate when the gate voltages are below -5V. Thus, the saturation 

voltage is -5V, which is identical to Vth (measured at 1mA/mm). Based on this 

saturation behaviour, the non-saturation region for gate voltages is defined as 

voltages above -5V. The saturation region is defined as values below -5V, as 

presented in Figure 7.4(a).  

The gate leakage current tests are carried out on more devices, and the values 

extracted from Ig-Vg characteristics are depicted in Figure 7.4(b). It can be 

observed that the measured gate leakage current is mainly between 1nA to 

3nA, with no clear trend associated with LPSJ, indicating that it is independent 

of LPSJ. 

7.5. Mechanisms of gate leakage Current at the saturation region (Vg ≤Vth=-

5V) 

A theoretical analysis of the PiN junction current is discussed further to 

investigate the gate leakage current at the saturation region. It is widely known 
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that the PiN junction reversed leakage current consists of diffusion current (Jdiff) 

and space-charge generation current (JSC) [104]. Under room temperature, the 

space-charge generation current density is: 

𝐽𝑆𝐶 =
𝑞𝑊𝐷𝑛𝑖

𝜏𝑠𝑐

(7.1) 

𝑊𝐷  is the depletion region's width, 𝑛𝑖  is the intrinsic carrier concentration, 𝑞 

represents the elementary charge, and 𝜏𝑠𝑐 is the carrier lifetime in the intrinsic 

area. 𝑛𝑖, 𝑞, and 𝜏𝑠𝑐 are the constants at room temperature. 

In the PSJ PiN junction, the depletion region is the AlGaN layer, and the 𝑊𝐷 is 

its thickness. Therefore, the right side of equation (1) is constant at room 

temperature, representing that 𝐽𝑆𝐶 is independent of negative gate voltages. 

 

Figure 7.5 The electron and hole concentration distribution along the PSJ PiN junction under different 

gate biases (Vg=-3V and -5V). The blue line is for -5V and the red line is for -3V. The solid line represents 

the electron Concentration, and the dashed line is the hole concentration. 
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The Jdiff can be divided into the electron diffusion current density (Jdn) and the 

hole diffusion current density (Jdp). In the vertical PiN junction of the PSJ 

HFETs, the expressions of Jdn in the N-region and Jdp in the P-region are [104]: 

𝐽𝑑𝑛 =
𝑞𝐷𝑛

𝐿𝑛

𝑛𝑖
2

𝑁𝐴
[exp (

𝑞𝑉𝑔

𝑘𝑇
) − 1] (7.2) 

𝐽𝑑𝑝 =
𝑞𝐷𝑝

𝐿𝑝
[𝑝𝑛(𝑉𝑔) − 𝑝𝑛0] (7.3) 

Dn and Dp represent the electron and hole diffusion coefficients, respectively. 

Ln and Lp represent the electron and hole diffusion lengths, respectively. 𝑁𝐴 is 

the 2DHG sheet density, and T represents the temperature. 𝑝𝑛(𝑉𝑔) represents 

the concentration of holes at the edge of the depletion region, which is 

dependent on the gate bias. 𝑝𝑛0 is the minority carrier density (hole) in the N-

type region(2DEG). 

The electron and hole concentration distributions under different gate biases 

are extracted from the simulation. Figure 7.5 shows that, the electrons and holes 

in the P-region remain consistent with various gate biases, indicating that Jdn 

remains constant. Thus the expressions of Jdn in the P-region can be simplified 

as follows: 

𝐽𝑑𝑛 =
𝑞𝐷𝑛

𝐿𝑛

𝑛𝑖
2

𝑁𝐴
[exp (

𝑞𝑉

𝑘𝑇
) − 1] = −𝐽𝑑𝑛0 (7.4) 

Which represents 𝑡ℎ𝑎𝑡 𝐽𝑑𝑛 is constant. 

Therefore, the reverse diffusion current of the PiN junction is dependent on 𝐽𝑑𝑝. 

As Figure 7.5 illustrates, when gate bias increases from -3V to -5V, hole 

concentration in the N-region (2DEG) rises dramatically, causing an increase in 
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the 𝐽𝑑𝑝.  However, when 2DEG is completely depleted, the sheet density of 

2DEG in the N-region keeps steady, resulting in 𝑎 𝐽𝑑𝑝 constant in the saturation 

region. Therefore, when the gate bias is below -5V, the reversed PiN junction 

current is constant.  

Gate leakage current characteristics of the LPSJ=15um under different 

temperatures are shown in Figure 7.6. Gate leakage current illustrates an 

upward trend with the rise of the temperatures, from 25oC to 150 oC in the step 

of 25oC. This trend is similar to the P-GaN gate GaN HEMTs shown in [110], 

but Ig for PSJ HFETs has a much lower magnitude. 

For the vertical PiN junction current, the gate current (IgV) is proportional to the 

𝑛𝑖
2  from equations (2) and (3). Additionally, 𝑙𝑛𝑛𝑖  is proportional to 

2

𝑇
 [115]. 

 

Figure 7.6 The gate leakage characteristics (Ig-Vg) of the PSJ HFETs with the length of PSJ (LPSJ) =15 um 

with the temperature rising from 25 oC to 150oC in steps of 25 oC. 
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Thus, a linear relationship between the vertical gate current (IgV) and 

temperature ( 
2

𝑇
 ) can be obtained: 

ln (𝐼𝑔𝑉) ∝
2

𝑇
(7.5) 

Figure 7.7 presents the relationship between the Igv and temperature. The linear 

relationship between the ln (𝐼𝑔𝑉)  and 
2

𝑇
 under different gate biases can be 

observed. Moreover, the curves of Vg=-10V, -15V, and -20V almost coincide, but 

the curves of Vg=-3V and -4V are not identical with the former curve groups. 

These findings show that the vertical PiN junction current dominates the 

saturation region with the same gate leakage mechanism. 

7.6. Mechanisms of gate leakage current at the non-saturation region (Vg ≥

Vth=-5V) 

Different mechanisms govern the gate leakage current in the non-saturation 

zone. The dominating leakage current changes to the surface leakage current at 

             

Figure 7.7 lnJg of PSJ HFETs with LPSJ=15 um as a function of the (2/T). 
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the comparatively low gate bias [104], [116]. The carriers are transported 

through the surface traps or defects, forming a conductive path between the 

gate and the drain or source[117]. 

One of the primary mechanisms that could account for the surface gate leakage 

currents in P-GaN gate HFETs is two-dimensional variable range hopping (2D-

VRH) [110] at the low reverse gate bias and positive bias. The relationship 

between them can be expressed below [116]: 

𝜎 ∝ exp [−(
1

𝑇
)

1
3
] (7.6) 

Where 𝜎 is the conductance and T denotes the absolute temperature.  

Therefore, the results of the above relationship are presented in Figure 7.8(a) at 

different gate biases (Vg=-3V, -4V, -15V, and -20V). 

The 𝑙𝑛𝜎 shows a linear relationship with (
1

𝑇
)

1

3, and the curve of Vg=-3V almost 

coincided with Vgs=-4V, indicating that 2D-VRH is the possible mechanism for 

the surface gate leakage current transportation mechanisms in the PSJ HFETs 

at the non-saturation region. This is identical to the gate leakage mechanism at 

low negative biases in P-GaN gate GaN HEMTs [110]. The 2D-VRH mechanism 

in PSJ HFETs is displayed in Figure 7.8(b). Carriers are transferred through the 

high-density electronic states along with the top u-GaN layer. However, the 

curves of Vg=-15V and -20V are not identical to those of Vg=-3V and -4V, 
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representing that the surface leakage current becomes negligible when gate 

biases are negatively increased. 

 

(a) 

 

(b) 

Figure 7.8 (a)The lnσ of the PSJ HFETs as the function of (1/T)1/3 (b) the mechanism of 2D-VRH hopping 

effects in PSJ HFETs. 
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7.7. Summary 

In this chapter, the mechanisms of gate leakage current in normally-on P-ohmic 

gate PSJ HFETs are discussed for the first time. It can be divided into vertical 

PiN junction reverse current and lateral surface current in PSJ HFETs. The gate 

leakage current shows a unique saturation behaviour caused by the diffusion 

current. Moreover, the gate leakage current mechanisms are also discussed at 

the saturation and non-saturation regions through temperature-dependent Ig-

Vg characteristics. The vertical PiN junction currents become the dominant 

currents at the saturation region. However, the gate leakage currents are 

dominated by the lateral surface current caused by the 2D-VRH mechanisms at 

the non-saturation region (when the gate bias is higher than -5V). 
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Chapter 8. Conclusions and Future work 

8.1. Conclusions 

GaN Polarization Superjunction (PSJ) technology utilises charge balance 

concepts and polarisation effects, extending the GaN power semiconductor 

devices to high-voltage applications. As an emerging technology, more topics 

on the characterisation of GaN PSJ power devices are still under investigation 

to further understand their mechanisms and improve their performances.  

The impacts from top u-GaN and AlN nucleation layer thickness on the sheet 

density of 2DEG and 2DHG in the PSJ heterostructures are discussed through 

theoretical analysis. Moreover, the simulation and measurement results are 

also presented to validate and support the theoretical analysis. In u-

GaN/AlGaN/u-GaN heterostructures, the relationship between the sheet 

density of 2DHG and the top u-GaN layer thickness mainly depends on the 

surface potential of the top u-GaN layer. Similar conclusions can be drawn from 

the PSJ heterostructures with a P-GaN cap layer. When the ohmic surface 

condition is applied, similar to the findings in A. Nakajima's article[85], 2DHG 

density slightly rises with the thickness of the top u-GaN layer. Furthermore, 

an investigation is being done into how the AlN nucleation layer affects 2DEG 

sheet density. It concludes that the relationship between the thickness of the 

AlN nucleation layer and the buffer GaN layer plays a critical role in 

determining the sheet density of 2DEG.  
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The introduction and discussion of the static on-state and off-state breakdown 

characteristics of the fabricated PSJ-on-Si HFETs and diodes at the University 

of Sheffield are presented. It discusses the impacts of finger length and finger 

quantity on current handling capacity and the Specific RonA of PSJ hybrid 

diodes on Si substrate, which is crucial for the scalability of PSJ power devices. 

Moreover, the effects of temperature on I-V characteristics and Specific RonA 

are also evaluated. The breakdown voltages of Sheffield PSJ hybrid diodes and 

HFETs are 20% and 50%, respectively, higher than those of POWDEC PSJ-on-

Si power devices due to the high-resistivity C-doped GaN buffer layer, 

improving the vertical voltage withstanding capability. Compared with the 

PSJ-on-Sapphire power devices reported in [69], Sheffield PSJ-on-Si power 

devices have a lower breakdown voltage at the given length of PSJ, which is 

due to the lower vertical breakdown voltage limit of the GaN buffer grown on 

Si substrate.  

Vth shift mechanisms in normally-on GaN PSJ HFETs through pulsed Id-Vds and 

transfer characteristics measurements under the positive and negative gate 

stress voltages are reported for the first time. The Vth shifts are also presented 

during the recovery processes by varying the measuring times. With the 

increase in the measuring times, more trapped electrons and holes will be 

released, causing the Vth shifts. Moreover, from the pulsed Id-Vds characteristics, 

positive and negative gate stress voltages cause a much lower magnitude of the 
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differences in the saturation current than P-GaN gate HEMTs, indicating that 

current collapse is significantly reduced in PSJ HFETs. Furthermore, the 

temperature effects on the Vth shifts under the positive gate stress voltages are 

also discussed. Compared with the P-GaN gate PSJ HFETs, the Vth shift in 

Schottky gate PSJ HFETs has different performances.  

The current saturation behaviour and the saturation mechanisms of the 

unipolar power GaN diodes: AlGaN/GaN diode and PSJ hybrid diode are 

firstly reported and discussed. It is found that velocity saturation, together with 

the minimal conductivity modulation induced by the minority carrier in the 

drift region resulting in the current saturation behaviour, is the main reason for 

the saturation behaviour in these two diodes. Moreover, a unique current 

saturation behaviour of the forward I-V characteristics of the bipolar PSJ PiN 

diode is also discussed. Firstly, due to the low carrier lifetime and hole mobility, 

the conductivity modulation is negligible and localised in the PSJ PiN diode, 

indicating that it is one of the critical causes of this phenomenon. Moreover, 

trap effects are also discussed according to the simulation results. 

The mechanisms of gate leakage current in normally-on P-ohmic gate PSJ 

HFETs are discussed for the first time. It can be divided into vertical PiN 

junction reverse current and lateral surface current in PSJ HFETs. The gate 

leakage current shows a unique saturation behaviour caused by the diffusion 

current. Moreover, the gate leakage current mechanisms are also discussed at 
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the saturation and non-saturation regions through temperature-dependent Ig-

Vg characteristics. The vertical PiN junction currents become the dominant 

currents at the saturation region. However, the gate leakage currents are 

dominated by the lateral surface current caused by the 2D-VRH mechanisms at 

the non-saturation region (when the gate bias is higher than -5V). 

8.2. Future work 

This thesis presents the research on developing next-generation GaN 

Polarization Superjunction (PSJ) power devices. It will provide the basic 

knowledge for further optimisation and investigations. Therefore, future work 

could focus on several topics: 

1. PSJ PiN diode current saturation mechanisms. The hypothetical model of 

explaining the PSJ PiN diode current saturation mechanisms is proposed and 

discussed in this thesis. It assumed that the high trap density in the AlGaN 

layer limits the carrier saturation velocity, causing the velocity saturation in the 

AlGaN layer. Although this hypothetical model has been verified in the 

simulation, it has no comprehensive and strong evidence from the physical 

theory and measurement results to support it. Therefore, investigating more 

evidence to validate this hypothetical model will become one of the most 

essential next-step works. 

 2. Avalanche capability of PSJ HFETs and PSJ diode. Power semiconductor 

devices' avalanche capability and robustness under extreme conditions are 
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essential for high-power applications. Unclamped Inductive Switching (UIS) is 

the standard method to evaluate the avalanche capability of power devices. PSJ 

power devices include an inherent PiN diode compared to AlGaN/GaN 

HEMTs, which may improve avalanche capability.  

3. Comparison of the Avalanche capability and mechanism between GaN 

and Si or SiC power devices. Some research has reported the avalanche 

capability of Si or SiC and GaN power devices separately. Therefore, evaluating 

their avalanche capability is essential.  

4. Current Collapse of PSJ HFETs. One of the essential dynamic properties of 

GaN power devices is the current collapse, also known as the degradation of 

dynamic on-state resistance. Power loss during switching increases as the 

dynamic Ron increases. Moreover, three main factors are responsible for the 

current collapse: surface trap, buffer trap and Vth instability. PSJ HFETs have a 

flat electric field during the off-state, which minimises the influence of the 

surface trap. The relatively low current collapse induced by the Vth instability 

is reported in this thesis. However, the trend analysis of the current collapse of 

PSJ HFETs requires further investigation.  

5. PSJ Hybrid drain HFETs. PSJ HFETs have relatively higher specific on-state 

resistance than conventional AlGaN/GaN HEMTs, indicating the higher 

conduction loss of PSJ HFETs. Therefore, lowering the on-state resistance of PSJ 

HFETs is becoming a heated topic. PSJ hybrid drain HFETs utilised a similar 
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structure to the Panasonic Hybrid-Drain-embedded Gate Injection Transistor 

(HD-GIT). The holes are injected from the P-type drain, causing conductivity 

modulation and reducing on-state resistance. Moreover, the current collapse 

can also be minimised by the injected holes during the off-state. However, the 

impacts from injected holes on the charge balance in PSJ HFETs need to be 

evaluated. More measured data from them is required from the actual devices 

to support this concept further.   

6. PSJ HFETs switching performance. PSJ switching simulation and modelling 

are crucial to determine the turn-on and turn-off performance. It might be 

possible to reduce power loss based on switching performance. At present, P-

GaN gate PSJ HFETs have relatively slower switching speeds. Thus improving 

the switching speed and lowering the switching loss is very significant for PSJ 

HFETs. The main cause is the low charging/discharging speed of the 2DHG 

through the P-GaN gate. Therefore, optimising the gate structure of PSJ HFETs 

may be one of the possible solutions. Moreover, several topics could be 

investigated: (1) Investigation of dV/dt Controllability of PSJ FETs. For 

example, gate resistance may influence the controllability of PSJ HFETs. (2) 

Impact of Gate Voltage on Inductive Switching Performance of PSJ FETs. For 

example, the positive gate turn-on and negative gate turn-off levels impact the 

switching performance. (3) the switching performance between PSJ P-GaN gate 

HFETs and PSJ Schottky-gate HFETs.  



P a g e  | 178 

 

Appendix-1 

Mask design 

According to the process flow, it requires 11 masks in total. The mask layers 

information is shown in detail in Table A-0-1. 

Table A-0-1 Mask layer information. 

 

 

 

 

 

Figure A.0.1 Mask alignment sequence and alignment tolerance rules. 
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 And the multi-level mask alignment is utilised in the mask design for 

minimising misalignment between each mask layer. The alignment sequence 

and the alignment tolerance rules are shown in Figure A.0.1 Mask alignment 

sequence and alignment tolerance rules. The alignment tolerances between the 

mask from the same level are +/- 2um, but the misalignment between different 

levels of the mask layer is +/- 1um. And based on the alignment sequence and 

misalignment rules, the unit cell dimensions of PSJ HFET are shown in Figure 

A.0.2.   

 

 

Figure A.0.2 The unit cell dimensions of PSJ HFET are based on the mask alignment tolerance rules. 
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The mask design is drawn through the software Klayout. It is important to note 

that the toner of each mask shown in Table A-0-1 depends on each mask's 

 

 

Figure A.0.3 The final photograph of the mask layout. 

 

 

 

 

  

 

 

Figure A.0.4 The photograph of the mask design. 
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functionality and photoresist polarisation. All the photoresist used for the 

fabrication is positive photoresists. C and D represent the clear and dark field, 

respectively. The photograph of the mask design and the final mask layout is 

illustrated in Figure A.0.4 and Figure A.0.3, respectively.  

Sample dicing size and cleaning preparation steps 

Before the fabrication started, the 3-inch wafer was diced into small-piece 

samples according to the mask size (15mm×15mm). Therefore, the sample size 

is 18mm×18mm, which meets the requirement for tolerances during the 

fabrication process.  

The typical 3-step cleaning procedures: 

1. Put the sample into the n-butyl Acetate and cook them on a hot plate for 1 

min. This step aims to remove the oil or oily solution from the sample. 

2. Then, the sample is transferred to the Acetone for 30 seconds and gently 

dipped.  

3. Finally, the sample is rinsed into the Isopropyl Alcohol (IPA) for 30 seconds.  

After that, the sample is blow-dried through an N2 flow gun. The dry samples 

are checked under the microscope to ensure that surface is clean. If not, they 

repeat the 3-step cleaning procedures until the sterile surface is obtained. 

It is important to note that this cleaning procedure was employed before each 

step started during this fabrication process.  
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Fabrication process flow 

1. Alignment Mark 

2. Isolation etching 

3. Pad Insulation 

 

Figure 0.5 The schematic cross-section of devices after device Isolation etching. 

 

 

 

 

 

(a) 
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4. Mesa Etching 

4. N-ohmic Contact 

    

 

 

 

 

(b) 

Figure 0.7 The schematic cross-section of devices (a)after depositing the 150 nm-SiN dielectric layers (b) 

after etching the 150 nm-SiN dielectric layers on the active area.  

 

 

 

 

 

 

 

Figure 0.6 The schematic cross-section of devices after mesa etching. 
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5. P-ohmic contact 

6. Via etching 

 

 

 

 

Figure 0.9 The schematic cross-section of the device after N-contact metallisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0.8 The schematic cross-section of devices of P-ohmic deposition. 
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7.Second Metallisation(M2) 

 

 

 

 

 

(a) 

 

(b) 

Figure 0.10 The schematic cross-section of devices(a) PECVD 150nm-SiN (b)SiN via etching through RIE. 
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8. Pad and Passivation 

 

Figure 0.11 The schematic cross-section of devices after M2. 
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Fabricated devices/sample   

The photograph of the final fabricated PSJ-on-Si sample is displayed in Figure 

0.13.   

 

 

(b) 

            Figure 0.12 (a) the 3D-schematic cross-section of the large-area devices (b) the schematic cross-

section of the active area of the devices after passivation and RIE etching 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0.13 The photograph of fabricated PSJ-on-Si sample(18mm×18mm) at Sheffield compared with a 

one-pound coin. 
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