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Abstract 

Gallium Nitride (GaN)-based High-Electron-Mobility Transistor (HEMT) technology is a 

breakthrough innovation in the semiconductor industry, offering high-frequency and high-power 

performance capabilities. GaN HEMTs are widely used in power electronics, wireless 

communication systems, and radar applications over the past two decades. 

The key advantages of GaN HEMTs to produce heterojunctions to larger bandgap materials 

Aluminium Gallium Nitride (AlGaN) and the heterostructure results in the formation of the 

2- dimensional electron gas (2DEG) which exhibits high electron mobilities of upto 2000 cm2/V. s 

and high saturation velocity of 2 × 107 cm/s, resulting in high switching speeds and power 

densities. Due to its wide bandgap of 3.4 eV, it also allows exceptionally high breakdown fields of 

3.3 MV/cm. In this thesis, the focus is on the major challenges in the development of GaN HEMT 

technology including achieving a low resistance ohmic contact, reducing self-heating, and 

improving device high frequency performance.  

Due to the wide bandgap of III-nitride semiconductors, achieving low-resistance Ohmic contact 

resistance is difficult. Recessing the Ohmic region prior to metallization is a typical approach to 

lowering the contact resistance. The contact resistance is often minimised by optimising factors 

such as recess depth, anneal temperature, and metal stack design. In this work, the three approaches 

involving the recessing of the ohmic region were evaluated. The Ohmic contact area was recessed 

in patterns similar to a chess board, vertical recessed stripes, and horizontal recessed strips. The 

two different recess etch depths, shallow and deep etch depths of 9 nm and 30 nm, respectively, 

were investigate. The lowest contact resistance of 0.32 Ω.mm (compared to 0.59 .mm for a 

conventional non-recessed Ohmic contact) was observed for a deep horizontal patterned structure. 

The results also indicate that a highly reproducible process. 

The other major issue to address was to reduce the impact of device self-heating by effective heat 

distribution and dissipation. A novel thermal management technique was proposed, and the 

preliminary results are promising. It exploits the very thin epitaxial layer stack of a buffer-less 

GaN-on-SiC HEMT structure. III-V nitride material is etched and removed from around the active 

device area and the Au bond pad electrodes sit directly on the SiC substrate, providing a route for 
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thermal dissipation from the active device to the substrate. This approach was demonstrated to 

reduce device self-heating and to improve the current density of the device.  

We fabricated and compared the performance of devices fabricated on the buffer-free and 

conventional GaN HEMTs. For identically sized 2-µm gate long, two-finger 2 × 50 µm gate width 

device with a gate to drain spacing of 3 m, the conventional devices broke down at 186 V while 

for the buffer-free structure, it was over 200 V (above the measurement capability of our 

equipment). The maximum drain current density of ~631 mA/mm and ~ 686 mA/mm biased at 

VGS = 1 V for the two-finger 2 × 50 μm gate wide for buffer free and conventional GaN structure, 

respectively. The buffer free and conventional GaN structure devices were measured to determine 

their maximum cut-off frequency (fT) and maximum oscillation frequency (fmax) when biased at 

VDS = 15V. The lower gate leakage currents were observed for the fabricated buffer-free 

AlGaN/GaN HEMT device as compared to conventional GaN HEMTs 197µA and 260µA, 

respectively. Also, the buffer free device, which had two fingers each measuring 2x200 μm, yielded 

measurements of 4.6 GHz for fT and 9.8 GHz for fmax. The conventional GaN device, also with 

two fingers each measuring 2x200 μm, was tested and resulted in measurements of 6.3 GHz for fT 

and 14.7 GHz for fmax. These results demonstrate the high quality of the buffer-free GaN 

heterostructure despite the absence of thick transition layers as currently used in the conventional 

GaN HEMTs. This indicates that the "buffer-free" design has the potential to be useful for 

millimetre wave applications in the future. 

This thesis also describes the fabrication and characterisation of a 100 nm footprint Ni/Au-based 

T-gate HEMT, 2x25 μm gate width, 1.5 μm drain source spacing, 100nm Si3N4 passivation layer 

thickness and device exhibit quite high peak currents of 805mA/mm and peak transconductance 

value of 246 mS/mm due to the low thermal boundary resistance on this buffer free epilayer wafer. 

The breakdown voltage was measured 47 Volts. Yielding a cut-off frequency fT of 87 GHz and 

maximum oscillation frequency fmax of 143 GHz. We have developed a method for fabricating a 

T-shaped gate for sub 100nm gate foot length. The 100 nm length results in robustness, repeatable 

and has a high yield. Our findings indicate that this gate design could be beneficial for AlGaN/GaN 

buffer-free HEMTs used in millimetre wave frequency applications. 
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1 Introduction 
1.1 Overview 

The use of wireless communications has increased exponentially over the last few years, so attention has 

been focused on developing wireless communication technologies operating in the millimetre-wave band 

to exploit the higher bandwidth available at the higher frequencies. As the demand for sixth generation 

(6G) wireless technology continues to increase, it is anticipated that it will operate in a frequency range 

above 100 GHz, with the potential for higher data rates and extended transmission distances. For efficient 

signal transmission, advanced power amplifier technology is required to achieve these goals. This involves 

the development of high-power amplifiers that can operate at millimetre-wave frequencies and deliver 

high output power while maintaining high levels of efficiency and reliability. These developments are 

essential for realising the full potential of 6G technology and enabling futuristic applications such as AI-

powered wireless communications, robotics, and mobile communications, among others [1][2]. 

In the last few decades, gallium nitride (GaN) based semiconductor technology has witnessed significant 

advancement. The idea of a high electron mobility transistor (HEMT) was introduced in 1980 [3]. The 

innovation of this structure is that two materials of different bandgaps are built-in into the device structure 

to form a channel as opposed to the structure of an inversion layer device [4]. The group III and the group 

V elements can combine to create several compound semiconductors like gallium nitride (GaN), gallium 

arsenide (GaAs), indium phosphate (InP) and others. So, III-nitride semiconductors such as GaN have 

gained significant attention in accommodating this need due to their superior material properties.  

Table 1-1 shows the material properties for GaN based devices compared with the Si, GaAs, AlN and InP 

for radio frequency (RF) applications. Some key properties are discussed next: 

High breakdown field:  Because of the large GaN  bandgap (3.4 eV), the GaN material has a high breakdown 

field. GaN's high breakdown field strength enables RF GaN devices to work at higher voltages and powers 

than Si, InP and GaAs semiconductors. Because of this, RF GaN technology is ideal for high-power and 

high-frequency applications, like power amplifiers for base stations and radar systems, where high voltage 

and power-handling capabilities are essential [5]. 

High saturation velocity: Electrons in the GaN channel have a high saturation velocity at very high electric 

field. So, GaN devices can give higher current density. This in combination with the high operation voltages 

make GaN a high power density technology [6]. 

Excellent thermal properties: The thermal properties of GaN HEMT grown on silicon carbide (SiC) are 

improved because of SiC has a high thermal conductivity (4 W/cm K). Also, the lattice mismatch between 

the two is low and so it is easy to grow GaN on SiC. It means that GaN on SiC devices do not get as hot as 

GaAs or InP at same power dissipation. Therefore, there is no need to use extra heat sink and cooling 

system for cooling the devices [7]. Also, as noted above, because of its wide bandgap, GaN has a high 

breakdown field and therefore can operate at high voltages. The combination of high electron mobility 

and saturation velocity in devices enables to function at high frequencies and handle large drain currents, 

which enables the realization of RF power amplification devices [7][8].
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Compared to devices made from other materials, GaN based material devices exhibit impressive 

characteristics and exceptional potential and performance in terms of operating at high power, high 

frequency, and high voltage levels in the microwave and millimetre wave range. So, GaN-based HEMT is 

considered as best candidate for device technology for high-power and high-speed applications. 

Table 1-1: A comparison of the material properties of GaN and other competitors in the semiconductor industry. 

Parameters and units Si GaAs InP Diamond GaN AlN SiC 

Energy bandgap, (eV) 1.12 1.43 1.34 5.5 3.44 6.2 3.26 

Relative dielectric constant, (ɛr) 11.9 12.5 12.4 5.5 9.5 8.5 9.7 

Thermal conductivity, (W/cm K) 1.5 0.54 0.67 10-20 1.3 1.8-5.5 4 

Breakdown electric field, (MV/cm) 0.3 0.4 0.45 10 3.3 11 3 

Saturated electron velocity, 
(107cm/s) 

1 1 1 1.5 2.5 - 2 

Electron mobility, µ (cm2/Vs) 1500 8500 5400 1800 900 300 700 

Lattice constant(A’) 5.43 5.65 5.86 3.56 3.19 3.11 3.08 

 

Figure 1.1 shows how III-nitride materials are much better than traditional semiconductors in several 

device parameters [10]. 

 

 

Figure 1.1: A summary of the important properties of Si and GaN. 
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GaN HEMT has the benefit of a heterojunction, which is created at the interface of aluminium gallium 

nitride (AlGaN) and gallium nitride (GaN), resulting in a 2-dimensional electron gas (2DEG) channel. Figure 

1.2 shows the cross section of typical GaN HEMT device. 

 AlGaN/GaN heterostructure field-effect transistors have demonstrated state-of-the-art performance in 

terms of power density (8.7 W/mm), current gain cut off frequency, 𝑓𝑡 (74 GHz), and power gain cut-off 

frequency or known as maximum oscillation frequency, 𝑓𝑚𝑎𝑥 (140 GHz) [11].  Other heterostructures for 

the GaN material system include AlN/GaN [12], AlInN/GaN [13] and AlInGaN/GaN [14] in which the AlGaN 

barrier layer is replaced by aluminium nitride (AlN), aluminium indium nitride (AlInN) and aluminium 

indium gallium nitride (AlInGaN), respectively. These other heterostructures provide higher two-

dimension electron gas (2DEG) carrier densities and also allow for the gate length downscaling (because 

they are thinner compared to an AlGaN barrier which is typically 20-25nm thick) to achieve even higher 

frequencies of operation [15] [16]. 

GaAs and InP have been widely used for W-band power amplifier technology but have a limitation in terms 

of output power density due to the small bandgap energy (1.43 eV for GaAs and 1.34 eV for InP) and poor 

thermal conductivity (0.54 W/cm K for GaAs and 0.67 W/cm K for InP). GaN HEMT technology has 

established improvements in W-band MMIC (monolithic microwave integrated circuit) RF (radio 

frequency) output power, power added efficiency and MMIC power density (MMIC output power relative 

to MMIC area) that can be obtained over the GaAs and InP semiconductor technology [17]. For example, 

a W-band GaAs MMIC output power of 0.5W was recently reported at 92 GHz with 12% PAE (power added 

efficiency) [18]. Another W-band InP MMIC design was reported with an output power of 0.15W at 95 GHz 

with 6% PAE [19].  The highest output power of power amplifier (PA) was 5.5 W/mm available 100nm GaN 

HEMT based on T-gate technology (𝑓𝑡= 156 GHz, 𝑓𝑚𝑎𝑥= 308, PAE = 48%) [20].  

Figure 1.2: Cross section of typical GaN HEMT device 

Substrate

AlN nucleation layer

AlGaN Barrier Al=20 - 25%

GaN Cap layer

S G D

GaN buffer
(1-2µm)

GaN channel 2DEG
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1.2 GaN Applications  

The III-nitrides device applications are shown in Figure 1.3 and include high-frequency MMICs, high-power 

RF, automotive, DC converters, LEDs, radars, base-stations, ultra-wideband communication, space 

applications, military, sensors for harsh environments, and biological sensors [21] [22] [23] [24] [25] [26] 

[27]. 

1.3 Research challenges 

Despite all the advantages of GaN HEMTs there is still some important issues that need to be overcome to 

further increase the performance of GaN HEMT in various aspects. The main issues of GaN HEMT devices 

include (high) device contact resistance, poor thermal management in devices [28][29] and the design of 

the epi-layer structure some key design challenges are include managing strain, minimising defect density, 

reducing surface roughness, achieving the desired carrier concentration, and managing heat generation 

during operation [30]. 

1.3.1 Ohmic contacts to AlGaN/GaN HEMTs 

Achieving low contact resistance (Rc) is highly desirable as that decreases the total on-resistance and 

reduces the power dissipation in the ohmic contacts, and so increases current density of the device. 

Reduced Rc also results in increased device bandwidth. It is however very challenging to achieve very low-

resistive ohmic contacts to III-nitride semiconductors because of their wide bandgap [31]. This is 

particularly difficult for AlGaN barrier HEMTs since AlGaN has a wide band gap between 3.4 eV (GaN) and 

6.2 eV (AlN). Nonetheless, it has been shown that Ohmic contacts made with the AlGaN/GaN 

heterostructure have a satisfactory contact resistance in the range of 0.2 to 0.8 Ω mm. Temperature and 

annealing time are critical parameters to consider while optimizing contact resistance. 

High frequency MMIC

Radar & base stations

GaN applications

GaN

Defense & military application

Space application LED

Automotive industry High voltage electronics for power stations

DC/DC converters

Figure 1.3 : Applications of GaN technology. 
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Planar contact is the standard and simplest method to fabricate Ohmic contacts on GaN HEMTs. In planar 

contacts, the separation between ohmic metal stack on GaN cap and 2DEG (interface of barrier layer and 

buffer layer) is around (20-25nm) and makes it difficult to obtain low contact resistance ˂  0.8 Ω.mm. 

Therefore, different approaches of recessed Ohmic contacts have been investigated in the literature. 

Figure 1.4 shows the different contact on GaN HEMTs (a) planar Ohmic contact (b) recess Ohmic contact 

(c) patterned Ohmic contact (d) regrown Ohmic contact.  

A common method to reduce the contact resistance is to recess the Ohmic (source/drain) area and then 

metallize it. In the minimization of contact resistance, the key parameters are recess depth, annealing 

temperature and the metal stack used. The recessed depth approach can be divided into three ways; the 

first one is etching the barrier layer few up to nanometres above the 2DEG, the second one is etching the 

barrier layer up-to the 2DEG, and lastly etching the barrier layer below the 2DEG. Low contact resistance 

of 0.35 Ω.mm has been obtained using this approach [32]. 

In the regrown Ohmic contacts, the Ohmic contact areas are recessed by etching away the AlGaN barrier 

layer and part of the channel layer and growing highly doped (with silicon) GaN in the area.  The n+ GaN 

ohmic layer is in direct contact with the 2DEG channel, and so this approach produces very low ˂  0.2 Ω.mm 

contact resistance because there are no barriers for electrons to transfer from contacts to channel. 

Therefore, it reduces the access resistance in the channel which is convenient to achieve the high 

frequency [33]. Also, there is no need to anneal the contacts. The selective regrowth by ammonia-source 

molecular beam epitaxy (MBE) below 800°C with highly doped silicon (> 5 × 10 19 cm-3) n+ GaN using SiO2 

mask, followed by Ti/Au metal stack deposition but not annealing [34] is a very complicated process as 

well as very costly because of the extra fabrication steps [35]. Another possible drawback of this approach 

is the potential to degrade the 2DEG density and mobility due to the etching of barrier layer.  

In this project, we fabricated and measured AlGaN/GaN HEMT devices using 3 different patterned Ohmic 

contact recess patterns. The types of Ohmic contact patterns used were chess, horizontal, and vertical. A 

device with a conventional Ohmic contact was also fabricated for comparison. Two etching depths were 

used were 9 nm and 30 nm resulting in trenches above and below the 2DEG channel, respectively. A 

low Ohmic contact resistance of 0.32 .mm was demonstrated, as will be described in chapter 4. 

Substrate

GaN layers

AlGaN

Substrate

GaN layers

AlGaN

Substrate

GaN layers

AlGaN

Substrate

GaN layers

AlGaN

S D S D S D S D
Ti/Al/Ni/Au

Ti/Au 
n+ GaN 
regrown

Ti/Al/Ni/Au

(a) (b) (c) (d)

Figure 1.4: Ohmic contacts for AlGaN/GaN HEMTs (a) planar Ohmic contact (b) recess Ohmic contact (c) 

patterned Ohmic contact (d) regrown Ohmic contact. 
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1.3.2 Self-heating  

Due to the high 2DEG density and high electron mobility, GaN HEMT saturation currents can reach up to 

2–3 A/mm [36] [37]. At such high currents and at higher biasing voltage, electrons in 2DEG scatter in 

collisions with the crystal lattice and transfer the energy to it to cause increases the channel temperature. 

Even though GaN is more thermally stable than silicon (Si), the heating decreases the mobility of electrons 

in 2DEG, reducing current and making it difficult to operate GaN HEMTs for a longer period of time 

[38][39]. 

Self-heating in GaN HEMTs can have several impacts on the performance and reliability of the device, 

including: 

Increased channel resistance: AlGaN/GaN HEMTs generate a strong electric field near the drain-side gate 

edge during typical device operation, which causes electrons to accelerate significantly and accumulate 

significant energy. Since the electron temperature is high with such energy, the crystal lattice is bombarded 

by electrons and can raise the resistance of the channel as a result, thus the electrons disperse from the 

2DEG and impart their energy to the crystal lattice, raising the temperature of the lattice. As a result, the 

performance of the AlGaN/GaN HEMT is decreased due to an increase in the carrier scattering and a 

reduction in the carrier mobility [40]. 

Device degradation: Self-heating can cause changes in the electrical and optical properties of the GaN 

material, leading to a degradation in the device performance and reliability. For example, self-heating can 

cause changes in the bandgap, leading to an increase in the leakage current and a reduction in the 

breakdown voltage [41]. 

Increased junction temperature: The increase in the temperature of the junction can reduce the reliability 

of the device, leading to a reduction in the lifetime of the device. The junction temperature can increase 

due to the heat generated by the current flowing through the device and the lack of efficient heat 

dissipation [42].  

To mitigate the effects of self-heating in GaN HEMTs, several strategies can be employed, including: 

Using high thermal conductivity substrate: The use of high thermal conductivity substrate can help to 

dissipate the heat generated by the device, reducing the effects of self-heating. For example, the use of 

materials such as diamond or silicon carbide (SiC) can improve the thermal conductivity of the device. 

Thermal management of GaN RF devices is often provided by high thermal conductivity substrates, 

primarily SiC with a thermal conductivity, k, of 4 W/cm K.  

High power density GaN devices are usually realised on SiC substrates because of their high thermal 

conductivity (400 W/mK) as compared to Sapphire (35 W/mK) and silicon (150 W/mK). The limitation to 

efficient heat extraction in GaN HEMTs grown on SiC is the thermal boundary resistance (TBR) between 

the GaN buffer layer and the SiC substrate. The two common growth techniques are MOCVD and MBE 

(molecular beam epitaxy), and these provide wafers with different thickness and quality of the nucleation 

layer. The typical TBR in the GaN causes higher channel temperature in the transistor. 
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Recent GaN research has focused on replacing the SiC substrate with nano-crystalline diamond (NCD), 

which has a thermal conductivity of 2000 W/mK, which is 5 times greater than SiC [43] [44]. 

Implementing cooling systems: The implementation of liquid cooling systems [45] or a heat sink [46] and 

effective thermal packaging [47], can help to dissipate the heat generated by the device, reducing the 

effects of self-heating. 

In this thesis, two approaches designed to reduce the self-heating in GaN-on-SiC HEMTs are examined. 

➢ In one approach, a comparative study is carried out on the performance of devices fabricated on 

two GaN-on-SiC wafers, both the grown by a new growth technique, the so-called hot-wall 

MOCVD (Metal-Organic Chemical Vapour Deposition) by SweGaN, a Swedish manufacturer of 

custom-made epitaxial wafers. Using this technique, the AlN nucleation is said to be of higher 

quality and better thermal conductivity and the buffer in the conventional structure can be 

omitted. Therefore, one wafer with a standard GaN buffer layer and second wafer without the 

buffer layer, i.e. buffer-less will be studied. The fabrication, measurements, and analysis of device 

performance of devices from these wafer structures will be discussed in more detail in chapter 5. 

➢ In another approach, the buffer-less epitaxial layer structure grown by the so-called hot-wall 

MOCVD technique is assessed in comparison with conventionally grown material, i.e. which uses 

conventional MOCVD. We will, therefore, do a comparative study of GaN-on-SiC devices from 

SweGaN and NTT manufacturers to quantify their quality in terms of device performance. The 

results of this approach are described and discussed in more detail in chapter 5.  

1.3.3 Thermal Boundary Resistance 

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

resistance, which opposes heat flow, is referred as thermal boundary resistance (TBR). Electrical equivalent 

circuit is one method for modelling heat transfer at the interface. In this corresponding electrical circuit, 

TBR may be compared to an electrical resistance. As resistance in an electrical circuit opposes the passage 

of current, TBR hinders the transfer of heat from one material to another. This resistance can cause heat 

to accumulate in the region where it is created. 

Substrate

TBR

AlGaN Barrier Al=20 - 25%

GaN Cap layer

S G D

GaN buffer
(1-2µm)

2DEG
Channel heat 

source

Figure 1.5: Illustration of the standard AlGaN/GaN HEMT the channel heat source and TBR. 
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As already noted,  SiC substrates are commonly used to realise GaN devices [48]. The lattice mismatch 

between GaN buffer and substrate can lead to mechanical stress and deformation at the interface, 

reducing the device performance and reliability [49]. An AlN nucleation layer is important when GaN is 

grown on a foreign substrate to reduce the lattice mismatch between the GaN and the substrate, hence 

this layer cannot be neglected and this layer results in a TBR [50]. Figure 1.5 illustrates the channel heat 

source and the TBR in AlGaN/GaN epilayers. 

In this project, we propose a thermal pathway around the TBR created by the AlN nucleation layer. The 

approach relies on front side processing in order to remove all nitride material surrounding the active 

device, allowing the device electrodes to sit on the SiC substrate and operate as heat sinks. This method 

will be explained and discussed in chapter 6. 

1.4 Research aim  

This project seeks to develop high frequency and thermally efficient GaN HEMT radio frequency (RF) 

electronic devices grown on the high thermal conductivity SiC substrates. The new devices should enable 

uncompromised amplifier design that can reduce component count and reduce the amplifier footprint by 

leveraging the high-power density into smaller more broadband circuitry. The project therefore has the 

following main objectives:  

• Design, fabrication and characterization of Ohmic patterned recess etch GaN-based HEMT devices 

to reduce the contact resistance.  

• Design, fabrication, characterization of GaN HEMTs with novel buffer-less epi-structure and 

comparison with conventional epitaxial designs. 

• Design, fabrication and characterization of proposed thermally efficient GaN-on-SiC HEMT device. 

• Design, fabrication and characterization of high frequency GaN HEMT devices employing a new T-

gate process. 

1.5 Thesis structure  

This thesis is divided into 8 chapters. This chapter (Chapter 1) gives an overview of the AlGaN/GaN 

technology, its applications and highlights the material advantages over competing technologies. The 

research challenges and objectives including a summary of achievement are also described here.  

Chapter 2 describes the theory of the GaN HEMT device starting from the basic transistor structure, 

piezoelectric and spontaneous polarization in GaN, and microwave and RF behaviour including scattering 

parameter measurements.  

Chapter 3 describes standard fabrication techniques used for GaN HEMTs available at the James Watt 

Nanofabrication Centre (JWNC), University of Glasgow. It starts with descriptions of material growth, 

different metallization techniques followed by device layout design and plasma processing involved in GaN 

HEMT fabrication. 

Chapter 4 describes the Ohmic contact formation to its operation principle and an experimental study to 

reduce the contact resistance by using the 4 different Ohmic patterns fabricated on shallow and deep 

etched patterns on AlGaN/GaN HEMT structures. It provides literature review on recent progress on 
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AlGaN/GaN HEMTs Ohmic contacts. The results and benefits of fabricated patterned devices on this wafer 

are described.  

Chapter 5 describes the comparative study of buffer-free and conventional GaN-on-SiC HEMTs, where both 

wafers were grown by hot-wall MOCVD, and also for the case where the conventional (cold-wall) and hot-

wall grown buffer-free GaN HEMTs were compared and discusses the achieved device performances.  

Chapter 6 describes an experimental study of a developed novel thermal management technique based 

around removing all the nitride material around the active device so that the device electrodes sit on the 

SiC substrate and act as heat sink. Development process and fabricated device measurement results are 

presented. The chapter also describes thermally efficient MIS-HEMT devices.  

Chapter 7 presents the literature review on recent research progress in GaN-based HEMTs for high 

frequency applications and describes results from the fabricated 100nm and 200nm T-gate long devices 

on buffer-free GaN HEMTs. 

Chapter 8 provides a summary of the work done during this project and suggestions for future work. 
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2 GaN HEMT Basic Theory 

2.1 Introduction 

This chapter provides an overview of the AlGaN/GaN-based HEMT device basics. First, the polarisation 

induced charges in GaN are described including the role of the crystal structure and then the properties 

of this semiconductor. The AlGaN/GaN HEMT’s heterojunction quantum well, in which a 2-dimensional 

electron gas (2DEG) forms, is described. The material growth as well as common substrate options, and 

device structure and operation are discussed. 

2.2 III-Nitride crystal structure 

The group III nitride-based semiconductor materials (GaN, AlGaN, AlN, InN) have either a wurtzite (α-

phase) or a zinc-blende (β-phase) crystal structure. The GaN wurtzite crystal, shown in Figure 2.1, has a 

stable hexagonal shape but lacks inversion symmetry and is not centrosymmetric. Due of the wide 

bandgap of 3.4 eV compared to the zinc-blende structure of 3.2 eV, this structure has strong bonding 

between Ga and N. When used in HEMTs, GaN is most frequently found in its wurtzite crystal form with 

[0001] orientation. This crystal structure's high heat resistance is made possible by the fact that it is 

thermodynamically stable. The crystal structure of zinc-blende is a face-centered, meta-stable cubic crystal 

structure. More typical III-V semiconductors have this structure (e.g. GaAs, InP, and InSb) [51][52][53]. 

GaN has a hexagonal lattice with four atoms per unit cell as its wurtzite structure [54]. As shown in Figure 

2.1, the wurtzite structure is defined by three lattice constants: a, c, and u. The side length of the hexagonal 

wurtzite structure is represented by a, the cell height by c, and the III-N bond length by u. The value of the 

dimensionless parameter u is specified by the ratio of c. The ratio of these characteristics for an ideal 

wurtzite structure is u/c = 3/8 = 0.375 and c/a =  8/3 = 1.633. The arrows on the hexagonal structure of 

wurtzite indicate <111> directions. In Table 2-1, the structural properties of common III-N wurtzite 

semiconductors are listed [55]. 

Table 2-1: Structural parameters of common nitrides semiconductors 

 

 

 

 

 

Parameter AlN InN GaN 

a (A◦) 3.108 3.580 3.197 

c/a 1.6033 1.6180 1.6297 

(u-uideal) ×10−3 6.4 3.7 1.9 
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2.3  Polarization in III-N semiconductors 

A heterostructure is a connection between two distinct materials. The two materials differ in bandgap 

energies and different band structures. The resultant hetero-junction band structure plays a crucial role in 

dictating the device's functionality. Furthermore, the band diagrams of III-N semiconductors are heavily 

influenced by the difference in polarisation of the materials and the resultant charges confined at the 

interface. The spontaneous and piezoelectric polarisations are a primary feature of AlGaN/GaN HEMTs 

that is enhanced by its wurtzite structure.  

2.3.1  Spontaneous Polarization  

The causes of spontaneous polarisation (PSP) in GaN include the difference in electronegativity between 

Ga (1.81) and N (3.04) and the absence of inversion symmetry along the pyroelectric axis (c-axis) of the 

wurtzite structure. Positive sheet charge on one face and negative sheet charge on the other relative to 

the crystal direction cause spontaneous polarisation to occur at the faces of wurtzite crystals, so the [0001] 

crystal direction is used. The difference in the electronegativity of the Ga and N atoms, which results in 

the Ga-N bond exhibiting mixed ionic and covalent bonds, is what leads to the opposite sheet charge. 

Hence, the GaN compound is subjected to an electric dipole moment, a measure of polarity in a 

compound. Since there is no external field present when this polarisation phenomenon happens, it is 

known as spontaneous polarisation  (PSP) [56].  

Figure 2.1: Hexagonal Wurtzite structure. 
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When GaN is grown along the c-plane, it spontaneously polarises, resulting in powerful electric fields of 

3 MV/cm [57]. The following equation may be used to compute the spontaneous polarisation of an 

AlGaN/GaN and AlN/GaN structure [57]. 

 PSP,AlxGa1−xN/GaN (x) = (-0.052* x – 0.029) Cm-2     (2.1) 

where x is the aluminium mole fraction in the AlGaN layer and PSP is spontaneous polarisation. PSP (0.25) 

= -0.042 Cm-2 for a typical AlGaN layer with a 25% Al content, while PSP (1) =  - 0.081 Cm-2 for a binary AlN 

layer with a 100% Al content. This reveals that the spontaneous polarisation charge is nearly doubled when 

the Al content of the barrier is increased to 100%. The GaN/AlGaN interface's crystal structure is depicted 

in Figure 2.2(a), and the layer structure's polarisation is shown in Figure 2.2(b), where PSP refers for 

spontaneous polarisation and PPE for piezoelectric polarisation. 

 

2.3.2 Piezoelectric Polarization  

When a material is put under mechanical stress, piezoelectric polarisation (PPE) is brought about. 

Mechanical stress is a result of the material's elastic behaviour, which is controlled by its elastic stiffness 

constant, a measure of the material's "hardness." As a result, when piezoelectric polarisation is generated, 

charge in induced in the crystal structure of a material. When the AlGaN layer is compressively strained, 

the piezoelectric polarisation is positive; when it is in tensile stress, it is negative. 

The piezoelectric polarisation is computed as follows: 

 𝑃𝑃𝐸 = 2.
𝑎− 𝑎0

𝑎0
 ( 𝜀13 − 𝜀33.

𝐶13

𝐶33
) (2.2) 

Figure 2.2: Crystal structure of wurtzite Ga (Al) face GaN b) Ga-face strained AlGaN/GaN heterostructures: 
Polarization-induced sheet charge and direction of spontaneous and piezoelectric polarisation [57]. 
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where 𝜀13 and 𝜀33 are the piezoelectric coefficients, and 𝐶13 and 𝐶33 are the elastic constants. 

The total spontaneous and piezoelectric polarisation gives the electrical polarisation effects in a material: 

 𝑃 = 𝑃𝑆𝑃  ±  𝑃𝑃𝐸          (2.3) 

 

2.3.3 2-Dimension electron gas (2DEG) formation 

Devices based on AlGaN/GaN possess a 2-dimensional electron gas (2DEG) channel. The formation of a 

heterojunction causes strain, which causes piezoelectric polarization inside the strained material. A high 

density 2DEG channel, which will be discussed in the next sections, is mostly formed as a result of this 

piezoelectric polarization. 

AlGaN and GaN have different lattice constants, therefore growing a thin layer of AlGaN on top of GaN 

would result in mechanical strain within the AlGaN layer, as shown in Figure 2.3. Mechanical stress results 

from the material's elastic behavior. The alignment of AlGaN with GaN causes strain in both the x and y 

directions (biaxial strain) in the AlGaN layer. AlGaN's tensile strain (s) raises its lattice constant and aligns 

its atoms with those of GaN to form a heterojunction [58] [59]. 

 

Figure 2.3: Illustration of how AlGaN is strained during the formation of 2DEG on GaN. 

 

 
∆≡ 

| 𝛼𝐴𝑙𝐺𝑎𝑁 − 𝛼𝐺𝑎𝑁 |

𝛼𝐴𝑙𝐺𝑎𝑁
 

(2.4) 

 𝜀𝑠 = ∆. (1 − 𝑟) (2.5) 

 

Where, ∆ is lattice mismatch and r is the amount of strain relaxation and s is tensile strain. 

AlGaN
(Relaxed)

GaN
(Relaxed)

AlGaN
(strained)

GaN
(Relaxed)

2D Electron Gas
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The discontinuity of the polarization (𝑃𝑃𝐸 and 𝑃𝑆𝑃) at the interface of AlGaN/GaN is the origin of quantum 

well creation. The importance of 𝑃𝑃𝐸 and 𝑃𝑆𝑃 on energy band in AlGaN/GaN HEMTs is shown in Figure 2.4, 

AlGaN/GaN energy band diagram illustrating the impacts of PSP and PPE on the conduction band [60]. A 

2DEG exhibits a sheet carrier concentration of 6 ×  1012 cm−2 for an aluminium content of 15% in a 

standard AlGaN/GaN HEMT. When the aluminium percentage is raised to 31%, the sheet carrier 

concentration may be enhanced to 2 × 1013 cm−2. A maximum sheet carrier concentration of 

6 × 1013 cm−2 may be attained for the 100% Al binary AlN barrier [61]. As a result, devices with an AlN 

barrier are capable of producing up to three times as much power as traditional AlGaN/GaN HEMTs.  

A typical GaN HEMT's band diagram is shown in Figure 2.5. A 2DEG is created at the AlGaN/GaN interface, 

where ∆𝐸𝑐is the conduction band offset and  ∅𝑏𝑛is the Schottky barrier of the gate contact. ∆𝐸𝐹 is the 

Fermi level with respect to the GaN conduction band edge energy and q is the electron charge 

(1.6 × 10−19). 

Figure 2.4: AlGaN/GaN energy band diagram illustrating the impacts of PSP and PPE on the conduction band 
[60]. 

AlxGa1-xN GaN

Ec

EF

EV

∆  

  =  .  V

q∅𝑏𝑛

Figure 2.5: AlxGa1-xN/GaN heterostructure's band structure demonstrating 2DEG development at the 
heterojunction as a result of quantum well formation [60]. 
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2.4 GaN HEMT device structure  

Figure 2.6 shows the cross-section of the AlGaN/GaN HEMT structure. In this device, either molecular 

beam epitaxy (MBE) or metal organic chemical vapour deposition (MOCVD) is used to grow the 

semiconductor layers onto a substrate (such as Si, SiC, and Al2O3). After the nucleation layer, a thick layer 

of GaN (between 2 and 3 µm) is grown prior a thin layer of AlxGa1-xN (about 20 nm). AlxGa1-xN typically has 

an aluminium content percentage (x) of up to 0.40. Higher Al concentrations in this fundamental structure 

will cause the AlGaN layer to relax, lowering the material's strain and, consequently, the density of the 

2DEG. This structure can be modified with more layers to improve the device's performance. We first 

discuss the substrate. 

 

2.4.1 Substrate 

The performance of the device that is grown on top of the substrate may be significantly improved 

by selecting the proper substrate. Due to the lack of native GaN substrates until recently, GaN is 

often grown on a foreign substrate. Many substrate alternatives include silicon, sapphire, silicon 

carbide (SiC), and chemical vapour deposited (CVD) diamond for the growth of GaN epitaxial 

layers. The criteria that affect the feasibility of the selected substrate are: (i) Available sizes (ii) the 

resistivity; (iii) the thermal conductivity; (iv) the lattice mismatch at the buffer/substrate interface; 

(v) the density of dislocations; (vi) the cost per unit area; and (vii) electrical isolation and cost. 

Table 2-2 provides a list of the most prominent substrate types for GaN epi-layer development 

and each substrate's fundamental properties. 

 

Figure 2.6: Cross section of HEMT device structure. 

Substrate
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AlGaN barrier

GaN cap 
S G D

AlGaN Back Barrier 

GaN Buffer



18 
 

Table 2-2: Characteristics of widely used substrates for the growth of GaN HEMTs.  

 

 

2.4.1.1 Silicon 

The most significant semiconductor and substrate material is silicon due to its economic significance and 

volume of use. Therefore, silicon as a substrate material is preferred, mostly for reasons of cost 

effectiveness. Silicon wafers are attractive because they can be purchased in diameters as big as 12 inches 

and are compatible with the current CMOS industry, making them affordable for use in commercial power 

and RF applications. But because Si has a small bandgap, it has a high concentration of intrinsic carriers, 

which makes it have a low resistivity. The thermal conductivity of Si (150 W/mK) is higher than that of 

sapphire and equivalent to that of bulk GaN, although it is still lower than that of SiC (400 W/mK). However, 

there are a few problems connected with GaN development on silicon, such as a 17% lattice mismatch to 

GaN and a 56% coefficient of thermal expansion (CTE) mismatch [61]. This makes growing GaN on silicon 

more difficult, with the grown epi-layers having the greatest defect concentrations of the wafer choices. 

Transition layers are required in addition of the nucleation layer to compensate for mismatches, making 

the epi-structure challenging to grow. Additionally, silicon has a worse electrical isolation than SiC (104 cm 

vs. 1011 cm), which results in lossy high-frequency RF transmission lines manufactured from silicon wafers. 

2.4.1.2 Sapphire 

Sapphire (Al2O3) is a promising material because of the low cost of 4-6 inch diameter substrates. Due to its 

low cost, excellent thermal stability, and high electrical resistivity, sapphire (Al2O3) has typically been used 

for GaN development in solid-state lighting applications. However, sapphire is less suited for high power 

HEMTs because to its poor thermal conductivity (35 W/mK)) and substantial lattice mismatch (13.9%) with 

GaN. In comparison to GaN epi-layers grown on silicon, GaN epilayer grown on sapphire have lower defect 

concentrations [62]. 

2.4.1.3 Silicon Carbide (SiC) 

These substrates are more costly to produce than other materials. Due to its superior thermal conductivity 

(400 W/mK) and the low 3.1% lattice mismatch between SiC and GaN, it is the most desirable substrate. 

SiC is the most widely utilized substrate available on the market AlGaN/GaN HEMTs for RF applications. As 

AlGaN/GaN HEMTs disperse heat more effectively than other conventional substrates, this is especially 

helpful for high-power applications [63]. 

Property/Substrate GaN SiC Silicon Sapphire CVD Diamond 

Mismatch to GaN (%) 0 3.1 17 13.9 11.9 

Lattice constant (°A) 3.189 3.08 5.43 2.75 3.567 

Thermal conductivity 
(W/m.K) 

130 400 150 35 2000 

Isolation (Ω.cm) 109 1011 104 1016 1016 

CTE (1 / 106K) 5.59 4.2 3.59 7.5 0.8 

Defect density (cm-2) 103 5 × 108 109 8 × 108 - 

Wafer sizes (inch) 2 6 12 6 4 
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2.4.1.4 GaN substrate 

GaN substrates are just recently accessible in n-conducting and semi-insulating forms with diameters 

suitable for electronic device fabrication, i.e., 2-inch size. The benefit of a native GaN wafer is that there is 

no lattice mismatch to GaN epi-layers, allowing for low defect density epitaxial layers. Also, the nucleation 

layer between the GaN buffer growth on the GaN substrate is not required, which removes the additional 

thermal boundary resistance between them. This is a significant improvement above the defect density of 

108-109 cm-2 seen in GaN grown on foreign substrates. The availability of freestanding GaN substrates is 

crucial for GaN-based laser diodes since there performance is highly dependent on defect density [35] 

[64].  

2.4.1.5 CVD Diamond 

The chemical vapour deposition (CVD) technique is one of the most common and commercially feasible 

technique of diamond synthesis. Among the substrate options, CVD diamond has the maximum thermal 

conductivity of 2000 W/mK. It can help minimize the channel temperature of GaN HEMTs when employed 

as a substrate. However, the thermal and lattice mismatch between diamond and GaN is large (11.9%), 

making it difficult to grow GaN on diamond and limiting its benefit. A novel method for realizing GaN on 

diamond is to first grow GaN on a foreign substrate, usually silicon. The GaN epitaxial structure is then 

atomically bonded to a diamond substrate and then the foreign substrate is later removed from the back. 

GaN on diamond devices has been made possible by this method, and they could produce three times the 

power densities of GaN on SiC. Diamond is however the most expensive of the available wafer types [65] 

[66]. 

2.5 GaN-based HEMT epitaxial layer structure 

The role of each epitaxial layer in the GaN HEMT structure is explained below: 

2.5.1.1 Nucleation layer 

Growth of GaN HEMT epitaxial layers on a foreign substrate starts with a thin layer of AlN, typically 20–

200 nm thick. This layer initiates the growth process and minimizes the substrate's and buffer layer's lattice 

mismatch. 

2.5.1.2 Back barrier layer 

The back barrier layer is a thin layer of high bandgap material, such as aluminum gallium nitride (AlGaN), 

that is added to the back of the GaN layer. A thick and low Al concentration (x < 0.15) AlxGa1-xN layer (1 to 

2 µm) can be utilized. It helps to reduce leakage current in the buffer layer. The back barrier layer also 

helps to increase the breakdown voltage. Additionally, it can enhance the confinement of the electrons in 

the channel region, which increases the breakdown voltage [67] . 

2.5.1.3 Buffer layer 

The band gap of the GaN channel layer is smaller (3.4 eV) than that of the barrier layer (4 eV for AlGaN 

with 25% Al content). The 2DEG is formed by the difference in band gap energy between the GaN channel 

and the barrier layer. Typically, the thickness of buffer layer is GaN (2 to 3 μm) is employed to ensure 

strain relaxation. Higher resistivity is required in the buffer layer to increase electron confinement and 
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lower vertical leakage currents. C and Fe are the two acceptors that are most frequently used in doping 

the buffer in GaN HEMT heterostructures [68][69] . 

2.5.1.4 Spacer layer 

A 1-2nm thin AlN spacer layer is grown on top of the GaN buffer or channel layer. This helps to reduce the 

amount of strain and defects in the device layers, which can affect device performance and reliability. In 

addition to its lattice-matching properties, the AlN spacer layer also provides electrical isolation between 

the different layers of the device, which is important for reducing leakage currents and improving device 

efficiency. The spacer layer also reduce the scattering of moving electrons in the 2DEG channel by the alloy 

(AlGaN) and improves the concentration of carriers in the 2DEG. However, this layer stops the best Ohmic 

contacts from forming, which lowers the source/drain access resistance [70] . 

2.5.1.5 Barrier layer 

An AlGaN (aluminum gallium nitride) barrier layer is a thin layer of AlGaN (10-25nm). The AlGaN barrier 

layer is typically grown on top of the GaN channel layer in a HEMT structure. The primary function of the 

AlGaN barrier layer in a HEMT structure is to control the electron density and mobility in the 2DEG channel. 

The AlGaN barrier layer has a wider bandgap than the GaN channel layer. The electron density in the 2DEG 

channel increases with the bandgap size.  The composition of the AlGaN barrier layer can be adjusted by 

varying the aluminum and gallium content, which affects the bandgap and other properties of the layer. 

For example, a higher aluminum content in the AlGaN barrier layer can increase the potential barrier and 

reduce leakage current but may also reduce the electron mobility in the device. The most popular barrier 

layer are AlGaN [71] and AlN [72] [73]. 

2.5.1.6 Cap layer 

A very thin typical GaN layer (1 to 2 nm) is grown on top of the barrier layer to complete the epitaxial 

structure. It offers several advantages, such as blocking the barrier from relaxing, which decreases the gate 

leakage current as it raises the barrier height. It also offers surface passivation, which minimizes oxidation 

and enhances the density of 2DEG [74]. The GaN cap also has low bandgap energy and helps to reduce 

the Ohmic contact resistance [75]. 

2.6 Depletion mode GaN HEMT device: operation principle 

The AlGaN/GaN HEMT has three terminals (source, gate, and drain), with the source and drain 

terminals being Ohmic contacts and the gate terminal having a Schottky contact. The gate terminal is 

usually positioned closer to the source side in order to lower the strong electric fields between the drain 

and the gate that develop at high drain voltages. This raises the HEMTs' lateral breakdown voltage and 
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lowers internal self-heating. Figure 2.7 (a) and (b) depict the cross-section of an AlGaN/GaN HEMT and its 

functioning under ON-state and OFF-state situations, respectively.  

Due to the polarisation effect in the GaN HEMT structure, the device operates in the depletion mode or 

as a normally-on transistor. Giving a negative bias on the gate makes the 2DEG channel to deplete (in 

proportion to the applied voltage). The (gate) threshold voltage, VTH, is the bias that just empties the 

channel of electrons so that no current can flow between the source and drain contacts and the device is 

turned off. For increasing gate bias above VTH, the electron density in the 2DEG also increases and current 

can flow between the source and the drain if a bias voltage is applied between them. For a Schottky gate, 

there is a limit of +1 V after which it turns on, starts conducting, and no longer controls the 2DEG 

concentration or the drain source current. When the channel is completely depleted, the sheet carrier 

density can range from a maximum of 𝑛𝑠0 to a minimum of zero, depending on how the gate bias is set. 

The devices utilized in this thesis are depletion mode or normally-ON, and the 2DEG is formed without 

supplying a voltage to the gate terminal (VGS). VGS, which controls the 2DEG sheet density in the channel, 

regulates the transition from ON-state (VGS > VTH) to OFF-state (VGS  ˂ VTH). In the OFF-state condition, when 

VGS is less than VTH, the 2DEG will deplete and thus block current flow through the device. 

Figure 2.8 depicts the vertical conduction band edge profile at the middle gate of an AlGaN/GaN HEMT in 

the (a) ON-state and (b) OFF-state. VGS has an impact on how close together the conduction band edge 

and the Fermi level (EF) are. When positive, this reduces the conduction band energy in relation to EF and 

increases the 2DEG. By using VGS ˂ VTH, the conduction band energy must be increased above EF to close 

the channel. 

Figure 2.7: Illustration of a HEMT operation principle and biasing (a) ON-state and (b) OFF-state with an 
AlGaN/GaN heterostructure and Si3N4 passivation. 
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A HEMT's primary function is to switch electronic signals or to amplify them (either alone or as a 

component of a larger amplifier circuit). Current flowing between the source and drain can be calculated 

in the planar area by measuring the charge in the channel and the time it takes for that charge to cross 

the channel in response to an applied voltage (electric field). The following equation provides the drain-

source current [10]: 

  

𝐼𝐷𝑆 = 
𝑞𝑛𝑠𝐿𝐷𝑆𝑊𝐺

𝐿𝐷𝑆
𝑣𝑒𝑓𝑓

 

 

 

(2.6) 

 

 

 =  𝑞𝑛𝑠𝑣𝑒𝑓𝑓𝑊𝐺 (2.7) 

 

where 𝑣𝑒𝑓𝑓 is the effective velocity of the electrons in the channel, 𝑞 is the electron charge, 𝑛𝑠 is the sheet 

carrier concentration, and 𝑊𝐺  is the gate width. The applied electric field, E, and the mobility of the 

electrons in the channel, 𝜇𝑛, can be used to calculate the electrons velocity, which can be written as 

follows:  

 
𝑣𝑒𝑓𝑓 = 𝜇𝑛𝐸 =  𝜇𝑛

𝑉𝐷𝑆
𝐿𝐷𝑆

 
(2.8) 

 

where, LDS is the separation between the drain and source Ohmic contacts and VDS is the voltage applied 

between those two contacts. 

The gate metal and 2DEG channel can be regarded as a capacitor which means that 𝑛𝑠 can be written as: 

Figure 2.8: Gate voltage effects on the energy band structure: a) VGS > VTH and b) VGS ˂ VTH. 
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 𝑛𝑠 = 
𝜖𝐴𝑙𝐺𝑎𝑁

𝑞(𝑑𝐴𝑙𝐺𝑎𝑁 + ∆𝑑)
 (𝑉𝐺 − 𝑉𝑇)         (2.9) 

 

where 𝑑𝐴𝑙𝐺𝑎𝑁 is the thickness of the AlGaN barrier layer, 𝑉𝐺 is the gate bias voltage, and ∆𝑑 is the effective 

distance of the 2DEG from the heterointerface. 

The typical current voltage (I-V) characteristic of a GaN HEMT is illustrated in Figure 2.9. When the gate 

voltage exceeds the threshold voltage, the drain current grows linearly at first and then saturates as the 

drain bias voltage increases. Increasing the gate voltage causes more electrons to accumulate in the 2DEG 

channel and so increasing the drain current with applied VDS. 

The transconductance of the device can be defined as follows: 

 
𝑔𝑚 = 

𝛿𝐼𝐷𝑆
𝛿𝑉𝐺

 
        (2.10) 

 

where 𝛿𝐼𝐷𝑆 is change in drain current and 𝛿𝑉𝐺 is change in gate voltage. 
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2.7 Enhancement mode GaN HEMTs 

Opportunities for enhancing both RF GaN devices and power GaN devices extend beyond addressing self-

heating and current collapse issues. In the realm of power GaN technology, additional challenges exist, 

including the inherent depletion mode or normally-On behaviour of AlGaN/GaN based devices. It's 

important to note that this concern pertains exclusively to power devices, as normally-On device operation 

is favoured in radio frequency (RF) applications. 

In power devices, achieving a Normally-Off behaviour, also referred to as enhancement or e-mode 

operation, is highly desirable. This characteristic is crucial for safety reasons, ensuring fail-safe circuits that 

cut off the high voltage supply unless prompted by the gate control voltage. Furthermore, Normally-Off 

behaviour significantly enhances performance by minimizing leakage current, simplifying circuit layout, 

bolstering device stability, and improving efficiency. The advantage lies in the fact that e-mode devices 

don't require additional power to deactivate. When the gate voltage is zero, a Normally-Off GaN HEMT has 

an intentional p-type doping layer in its AlGaN barrier, resulting in a depletion area. A positive gate voltage 

attracts holes to the surface, resulting in the formation of an accumulation layer and a conducting channel 

that allows current to pass. When the gate voltage is removed, the accumulation layer is depleted, and 

the device is turned off. 

Various strategies have been explored to attain e-mode devices, as depicted in Figure 2.10. These range 

from to diverse iterations involving p-type layers a top GaN HEMTs [76] [77], deep gate recessing [78], and 

adaptations involving gate oxide, known as MIS-HEMTs and the original 'fluoride gate' HEMTs [79], where 

fluoride ions were implanted beneath the gate, An alternative approach involves employing TiN gate 

structures, which have demonstrated remarkably low leakage currents.  

In summary, there is substantial room for improvement in both RF GaN and power GaN devices. While 

challenges like self-heating and current collapse are recognized, the normally-On behaviour of power 

devices and the quest for Normally-Off behaviour, especially in power applications, are pivotal concerns. 

Diverse methods have been pursued to achieve this, ranging from fluoride-based techniques to novel gate 

structures like TiN, all with the goal of enhancing device functionality and efficiency. 

Figure 2.10 Illustration of the three types of e-mode GaN HEMTs a) with p doped layer under the gate, b) deep 
recessed gate with insulator under the gate and c) fluoride treated region under the gate [76].  
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2.8 HEMT RF Behaviour 

The evaluation of the HEMTs' small-signal characteristics is typically done by measuring the scattering 

parameters (S-parameters) at the input and output end terminals. The input port corresponds to the gate 

source in the case where the HEMT is driven in the common source mode configuration, while the output 

end corresponds to the drain source. Figure 2.11 shows the two-port network S-parameters. 

 

Equation 2-11 shows the relationship between the input and output power waves of the two-port 

component. 

 

The reflection coefficients are denoted by 𝑆11 and 𝑆22. The transmission coefficients are denoted by 𝑆12 

and 𝑆21. S-parameters are usually measured over a wide frequency range in order to be able to fully 

characterize the devices. A vector network analyser (VNA) is used to measure the scattering or S-

parameters of the transistor at any given bias point. The S-parameters may be used to calculate the input 

and output impedance of a transistor under any loading conditions. They are specifically used for the 

design of input and output matching networks. For these measurements, the reference impedance is 

generally 50 Ω. Prior to use, the VNA must be calibrated so that the reference measurement points are at 

the probe tips that make contact with the transistor pads (see Figure 2.12). The S-parameter can be used 

to calculate the H-parameter which then can be used to obtain 𝑓T.  Based on the measured S-parameters, 

the following figures of merit can be computed: 

 

 

 

 
[
𝑏1
𝑏2
] =  [

𝑆11 𝑆12
𝑆21 𝑆22

] [
𝑎1
𝑎2

] 
(2.11) 

Figure 2.11: Diagram of the two-port idea for device characterisation. 
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• Current gain cut-off frequency  𝒇𝐓  

 

The frequency at which the current gain 
Iout

IIn
 = 

Id

Ig
 falls to unity is called 𝑓T. 

 

 𝑓T: ℎ21(𝑓T ) = 1           (2.12) 

 

 
ℎ21 = 

−2𝑆21
(1 − 𝑆21)(1 + 𝑆22) + 𝑆12𝑆21

 
(2.13) 

 

• Maximum frequency of oscillation 𝒇𝐦𝐚𝐱  

 

The point at which the power gain (𝐺𝑝) of the device reaches unity is commonly referred to as 𝑓MAX. The 

parameter 𝐺𝑝 is defined as the ratio of the power delivered to the load to the power input to the HEMT. 

This value is determined by multiplying the gains in current and voltage (𝐺𝑝 = 𝐺𝑖. 𝐺𝑣 ). The computation 

of 𝑓MAX is a more complex process. Prior to obtaining 𝑓MAX, it is necessary to acquire the First Maximum 

Stable Gain (MSG) and Maximum Available Gain (MAG). The region denoted as MSG is characterized by 

values of stability factor (K) that are less than 1, while the region referred to as MAG is associated with 

values of K that are greater than 1. Rollet's stability factor is represented by the symbol K. A system is 

Figure 2.12: Micrograph of a fabricated GaN HEMT with landed RF ground-signal-ground probes on device 
RF ports. 
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considered conditionally stable if its K-factor exceeds one. In such cases, designers must employ a more 

rigorous procedure in amplifier design to ensure its stability. Conversely, if the K-factor is less than one, 

the system is deemed unconditionally stable, and amplify design is straightforward in this case [80]. 

 

 𝑓MAX: 𝐺P(𝑓MAX ) = 1             (2.14) 

 

 

𝐺P = 
|
𝑆21
𝑆12

− 1|
2

2 [𝐾 |
𝑆21
𝑆12

| − 𝑅𝑒 (
𝑆21
𝑆12

)]
 

 

(2.15) 

 

 

MSG: |𝑆21|

|𝑆12|
 

              (2.16) 

             

MAG: 𝑆21
𝑆12

[𝐾 + (𝐾2 − 1)
1
2] 

              (2.17) 

      

where 𝐾 is called the stability factor which determines the stability of the devices, and 

expressed as: 

 
𝐾 =

1 − |𝑆11|
2 − |𝑆22|

2 + |∆|2

2|𝑆12𝑆21|
 

               (2.18) 

 

where ∆= 𝑆11𝑆22 − 𝑆12𝑆21. An unconditionally stable HEMT must meet the requirement of K > 1 and |∆| 

< 1.  
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2.8.1 Small signal Equivalent Circuit Model 

In designing monolithic microwave integrated circuits (MMIC), the equivalent circuit model of the device 

is crucial [81]. This is a representation of the device's electrical properties, with each circuit element 

describing the electrical properties of a particular area of the device. The values of the circuit element 

based on S-parameters that were observed at a specific bias point, (VDS, VGS). Figure 2.13 depicts the 

intrinsic and external region of the small-signal equivalent circuit equivalent circuit model that captures 

the electrical characteristics of the HEMT physical structure at mm-wave frequencies [82]. The intrinsic 

elements of a transistor show how it works, whereas the extrinsic elements of a device represent its 

parasitic elements. The efficacy of RF devices is significantly impacted by the parasitic elements, which are 

primarily determined by the device geometry and layout design.  

Gate-source capacitance (Cgs) and gate-drain capacitance (Cgd) are two elements that model the charge in 

the depletion region beneath the gate and towards the source and drain sides, respectively. 𝐶𝑔𝑑  affects 

the transistor's high-frequency performance and can lead to unwanted Miller effect, reducing the device's 

bandwidth and potentially causing stability issues in amplifier designs. The charging resistance is the input 

resistance (Rin). The current generator gmVgs provides information about transistor gain. Source drain 

resistance, Rds, is used to indicate the device's finite output resistance. It is a linear parameter that is largely 

used in DC and low-frequency small-signal analysis. The series parasitic source resistance (Rs) and drain 

resistance (Rd) account for the source/drain Ohmic contacts and bulk resistance preceding the active 

channel [83]. Equation 2.19 can be used to determine the gate resistance (Rg), which results from the 

metallization resistance of the Schottky contact. 

 
𝑅𝑔 = 

𝜌𝑊𝐺

 𝑛2ℎ𝐺𝐿𝐺
 

                     (2.19) 

Figure 2.13: Small-signal equivalent circuit model of HEMT. 
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where is the ρ resistivity of the gate metal. The gate length, breadth, and height are LG, WG, and hG, 
accordingly.  

Output conductance (gds) is the ratio of the output current to the output voltage, and it represents the loss 
in the device. A lower output conductance means less loss, which is also desirable for high frequency 
operation. Gate capacitance (Cgs), This is the capacitance between the gate and the source, and it 
represents the amount of charge that needs to be accumulated on the gate to turn on the device. A lower 
gate capacitance means faster switching, which is desirable for high frequency operation. Source 
capacitance (Cgd), This is the capacitance between the gate and the drain, and it represents the amount of 
charge that is stored in the channel when the device is turned on. A lower source capacitance means less 
charge storage, which is also desirable for high frequency operations [84]. 

The gate, source, and drain parasitic inductances, respectively, model the metal contact pads. The parasitic 
capacitances Cpg, Cpg, and Cpgd in the HEMT reflect the electrical field variations between the metal 
contacts. These capacitances are also primarily considered in the small-signal region and are linear 
parameters. These capacitances are geometrically dependent on the design layout of the transistor. While 
the internal resistance and capacitances are linear parameters in small-signal analysis, it's important to 
remember that GaN HEMTs can exhibit non-linear behavior under large-signal and high-frequency 
conditions. When analyzing the transistor's performance in those regions, additional non-linear 
parameters, such as third-order intercept point (IP3), output power compression (P1dB), and 
intermodulation distortion (IMD), become important for understanding the device's linearity and 
distortion characteristics [85]. 

The definitions of fT and fMAX in Section 2.7 can also be used to compute fT and fMAX as a function of the 

values of the parasitic elements shown in Figure 2.12 [86]. 

 𝑓𝑡 =
𝑔𝑚

2𝜋(𝑐𝑔𝑠 + 𝑐𝑔𝑑) (1 +
𝑅𝑠 + 𝑅𝑑
𝑅𝑑𝑠

) + 𝑔𝑚𝐶𝑔𝑑(𝑅𝑠 + 𝑅𝑑)
 (2.20) 

   

 
𝑓𝑚𝑎𝑥 =

𝑓𝑡

2√(
𝑅𝑔 + 𝑅𝑖𝑛+𝑅𝑠

𝑅𝑑𝑠
) + 2𝜋𝑓𝑡𝑅𝑔𝐶𝑔𝑑

 

 

 

            (2.21) 

2.9 Summary 

This chapter provided the fundamentals of GaN HEMT theory, from basic physics through substrate 

alternatives, epi-layer growth, and design. The spontaneous and piezoelectric polarisations have been 

discussed, as well as their function in the formation of the 2DEG channel. The HEMT structure operates in 

depletion mode. The advantage of GaN HEMTs originates from its ability to create heterostructures to 

larger band gap materials, resulting in 2DEG channels with high electron densities and mobilities. This 

chapter also discussed the substrate selection. Because native GaN substrates were not accessible until 

recently, GaN is grown on foreign substrates, the most common of which being SiC, silicon, and sapphire. 

SiC is the costliest material, yet it has the least lattice misfit and the highest thermal conductivity and so is 

the choice substrate for high power and high frequency applications. 
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3 GaN HEMT Device Fabrication Techniques 
3.1 Introduction 

This chapter describes the processing techniques for the fabrication of AlGaN/GaN HEMTs on GaN-on-SiC 

substrates. The different processes include sample preparation, lithography, metallization, etching, mesa 

isolation and dielectric layer deposition. All the processing is performed in the James Watt Nanofabrication 

Centre (JWNC), University of Glasgow. Although epitaxial growth of wafers occurs outside of the University 

of Glasgow, a brief introduction to the common processes is provided.  

3.2 Epitaxial material growth 

Epitaxy is a process of growing a crystalline material on top of a substrate with a matching crystal structure. 

The growth conditions such as temperature, pressure, gas flow rate, and precursor concentration are 

carefully controlled to achieve the desired crystal quality and thickness. These conditions depend on the 

specific material being grown and the desired application of the final growth material. The most commonly 

used techniques for GaN epitaxial growth are metal-organic chemical vapor deposition (MOCVD) [87] [88] 

and molecular beam epitaxy (MBE) [89][90]. MOCVD is a popular method because it allows for the growth 

of high-quality epitaxial layers and multiple wafer growth at a same time with good control over the growth 

rate and composition [91]. MBE, on the other hand, is a more expensive technique but allows for very 

precise control over the layer thickness and doping. All the wafers used in this thesis were commercially 

grown by MOCVD growth technique. 

3.2.1 Metal Organic Chemical Vapor Deposition  

The growth method known as metal organic chemical vapour deposition (MOCVD) uses a dynamic flow in 

which gaseous reactants move over a heated substrate and chemically react to generate a semiconductor 

layer. Due to its cheap cost in comparison to other methods MOCVD is the most widely used growth 

technique in the GaN industry. The average MOCVD growth rates are 1-2 µm/hr, which is roughly twice as 

rapid as MBE growth. The MOCVD growth temperature is often greater than 1000°C [92][87].   

• Reactor setup: The MOCVD reactor consists of a gas inlet system, a substrate holder, a temperature 

control system, and a gas exhaust system. The reactor is typically operated at a high temperature 

(700-1100°C) and a low pressure (50-1000 mbar). 

• Precursor gases: The precursor gases used for GaN growth in MOCVD are typically 

trimethylgallium (TMGa), ammonia (NH3), and optionally a dopant gas such as silane (SiH4) or 

bis(cyclopentadienyl) magnesium (Cp2Mg). 

• Pre-growth preparation: Before growth, the substrate is cleaned using a sequence of chemical 

treatments to remove any impurities and ensure a clean surface. The substrate is then loaded into 

the reactor. 

• Buffer layer growth: A thin buffer layer of AlN is typically grown on the substrate before the GaN 

layer to improve the crystal quality and reduce dislocations. The AlN layer is grown by introducing 

TMAl and NH3 precursor gases into the reactor. 

• GaN epitaxial growth: Once the buffer layer is grown, the reactor is heated to the desired 

temperature, and the TMGa and NH3 precursor gases are introduced into the reactor in a 
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controlled manner. The precursor gases react on the substrate surface, causing the GaN layer to 

grow. 

• Doping: During GaN growth, a small amount of dopant gas, such as SiH4 or Cp2Mg, can be 

introduced to the reactor to alter the electronic properties of the GaN layer. 

• Post-growth annealing: After GaN growth, the sample is annealed in situ in the reactor to improve 

crystal quality and reduce dislocations.  

This chemical reaction equation describes a typical gas reaction of GaN growth: 

 

TMG + NH3 → GaN + 3CH4 

 

where, TMG is trimethyl gallium, NH3 is ammonia and CH4 is methane. 

Figure 3.1 shows the MOCVD growth system [93].  

Improving the growth conditions of the nucleation layer can result in higher quality GaN epitaxial layers. 

Better electrical and thermal properties would result from higher quality epitaxial layers. Only the wafer 

carrier, known as a susceptor, is heated to the appropriate growth temperature during the standard cold-

wall MOCVD growth process, so no gas reaction occurs before reaching the hot wafer surface. As a result, 

there are significant temperature variations throughout the growth chamber, particularly in the vertical 

but also in the horizontal direction. Temperature gradients influence the uniformity of growth rate, doping, 

and composition. However, in a hot-wall MOCVD growth process, the entire chamber is heated, resulting 

in superior growth process uniformity due to the low temperature gradients in the chamber. Before 

entering the hot zone, the gases (H2/N2) and precursors (TMAl/TMGa+NH3) are combined. The processing 

gases are driven through a hollow-shaped, RF-induction heated graphite susceptor enclosed by an 

insulator, as illustrated in Figure 3.1, which is a schematic view of the hot-wall MOCVD system. The vertical 

temperature gradient in the hot-wall MOCVD SiC growth chamber is an order of magnitude less in this 

design than in the standard cold-wall MOCVD chamber. 

 
 
 

Figure 3.1: Schematic illustrations (a) MOCVD growth chamber (b) In the hot-wall MOCVD growth chamber 
setup, the substrate is placed in the hot zone. Before entering the growth chamber, all precursors 

(TMAl/TMGa+NH3) and carrier gases (H2/N2) are mixed together 
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3.2.2 Molecular beam epitaxy (MBE) 

Molecular Beam Epitaxy (MBE) is a technique used to grow thin films of materials on a substrate with 

atomic precision. The process involves the use of high-vacuum chambers and molecular beams of the 

desired material, which are directed towards the substrate surface where they react to form a thin film 

[94]. The typical growth temperature is 700°C which is lower than the MOCVD growth temperature. The 

growth rates for GaN material in an MBE system are typically approximately 0.5-1 µm/hr, which is slower 

than the growth rates achieved using MOCVD. As a result, the MBE approach is more costly. Since MBE is 

a high-quality material that can be utilized in tests to demonstrate proof of concept, its primary application 

is in the field of research [95]. The basic MBE system consist of following parts: 

• Preparation of substrate: The substrate on which the film will be deposited is first cleaned and 

prepared by techniques such as chemical etching or annealing to remove any impurities and create 

a smooth surface. The substrate is then loaded into the MBE chamber. 

• Introduction of source materials: The source materials for the desired film are loaded into 

crucibles or effusion cells, which are heated using resistive heaters or electron beams to create 

molecular beams of the desired material. 

• Formation of molecular beam: The heated material evaporates from the surface of the crucible or 

effusion cell, and the resulting vapor molecules travel in a straight line towards the substrate 

surface. The molecular beam is collimated using a series of apertures or slits to ensure that the 

molecules travel in a straight line towards the substrate. 

• Deposition on substrate: The molecular beams of the source materials are directed towards the 

substrate surface, where they react to form a thin film. The deposition rate and thickness of the 

film can be controlled by adjusting the temperature and flux of the molecular beams. The 

substrate is typically rotated during deposition to ensure uniform thickness across the surface. 

• In-situ monitoring: During deposition, the properties of the growing film can be monitored using 

techniques such as Reflection High Energy Electron Diffraction (RHEED) or Laser Reflectometry. 

RHEED involves directing a beam of high-energy electrons towards the substrate surface and 

measuring the intensity and pattern of the reflected electrons to determine the crystal structure 

and growth rate of the film. Laser reflectometry measures the thickness of the film by detecting 

changes in the intensity of a laser beam reflected off the surface [96]. 

• Post-growth annealing: After deposition, the film may be annealed at high temperature in the MBE 

chamber or in a separate furnace to improve the crystalline quality and remove any defects or 

impurities. 
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Figure 3.2 shows the MBE growth system [97]. 

 

 
 

3.3 Lithography 

The process of lithography, which involves transferring patterns on the substrate, is an essential part of 

the production process for electronic devices. The fabrication of semiconductor devices involves nanoscale 

and microscale sizes. Optical lithography and e-beam lithography are the two primary forms of lithography. 

Photolithography is a reasonably quick procedure that has an alignment precision of 1 µm. E-beam 

lithography, on the other hand, has an alignment precision of 0.5 nm, it may be used to make submicron 

features that are as small as 1 nm. However, the process is rather slow, costly, and complicated, and it 

involves a lot of different processing stages. 

3.3.1 Photolithography 

The most popular method of producing semiconductor devices is photolithography, commonly referred to 

as optical lithography, since it can satisfy consumer demands for high throughput and small feature sizes. 

The hard chrome mask is used for photolithography to pattern transfer. A hard chrome mask is usually 

manufactured using electron beam lithography. The James Watt Nanofabrication Center (JWNC) uses a 

Karl Suss MA6 mask aligner with a minimum feature size of 1 µm for photolithography procedures. In order 

to fulfil market demand, optical lithography's fast throughput lowers the cost per unit of manufactured 

devices. Since photolithography is more affordable and quicker than electron-beam lithography, it was 

used for all process optimization work on this project. With photolithography, a wafer coated in 

photoresist is exposed using ultraviolet (UV) light. Figure 3.3 shows the Karl Suss mask aligner 6. 

Figure 3.2: Schematic illustration of an MBE growth chamber. 



35 
 

 

 

 

3.3.2 Electron beam lithography 

Patterns are transferred onto the substrate via the method of electron beam lithography using e-beam 

resists, which are polymers. By transferring the pattern to the e-beam lithography tool and moving the 

electron gun over the wafer, electron beam lithography provides submicron pattern transfer directly to 

the wafer without the use of a mask plate. The ability to choose several exposure levels during a single 

exposure is another benefit of e-beam lithography. As a result, different dosages can be chosen for various 

patterned areas of the sample, such as the sample's corners, where the resist coatings are often thicker. 

The energy distribution arising from primary and dispersed electrons can be represented as a combination 

of Gaussian distributions using the 3-D Proximity Effect correction approach. In electron beam lithography 

(EBL), the proximity effect arises from interactions between primary beam electrons, resist, and substrate. 

This widens the exposure dose distribution beyond the scanned pattern, causing blurring but also enabling 

unique feature creation. EBL's proximity effect offers advantages like high aspect ratios (up to 100:1) by 

leveraging scattered electrons from sidewalls to enhance exposure at pattern bottoms. Moreover, it allows 

for small feature sizes (<10 nanometers) by similarly utilizing sidewall-scattered electrons, enabling 

capabilities beyond conventional lithography [98]. These distributions combine to generate the proximity 

function, which aids in determining the proper foot and head doses required to accomplish the desired 

structure. This method is especially useful in high-density areas, such as gate feeds, or when the gate pitch 

is tiny. These inputs, along with the correction procedure, were used to simulate the resist cross-section 

post-development using the GenIsys LAB modelling software. Additionally, this method offers great 

Figure 3.3:  Photo of the Karl Suss Mask Aligner (MA6). 
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alignment precision of 0.5 nm, ultra-high resolution, and precisely regulated operation. The main problem 

with electron beam lithography is that it can take a few hours to draw a pattern that could be exposed in 

a few seconds with photolithography. Still, electron-beam lithography is still used in a lot of places where 

research is done. This is because the design files are digital, and CAD software makes it easy to change 

designs. With optical lithography, on the other hand, a hard mask has to be made every time the design 

needs to be changed. In this work, the Raith EBPG5200 HS e-beam tool was used. Figures 3.4 and 3.5 

depicts the component of the instrument that generates the electron beam for pattern exposing/writing. 

 

Figure 3.5: Schematic illustration of the column of an electron beam lithography tool. 

Figure 3.4: Photo of the electron beam lithography tool Raith EBPG5200 HS. 
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3.3.3 Photoresists  

A polymer that is sensitive to ultraviolet (UV) light is called photoresist. Spinning is used to apply it evenly 

to the wafer surface. Acceleration, spin speed, and time controls can be used to modify the resist's 

thickness. Positive and negative photoresists are both available. Positive photoresists clear during the 

development stage because the polymer bonds in the radiation-exposed areas breaks. As a result, during 

the development stage, the exposed parts dissolve away while the unexposed areas remain intact. Figure 

3.6 serves as an example of the exposure and development of positive photoresist. 

Using a lift-off procedure is one method for creating a metal pattern on a semiconductor surface. It is a 

method that makes use of photoresist, and windows are opened in the photoresist at the locations where 

the presence of metal is needed. Using UV exposure, the windows are opened. The exposed 

semiconductor regions and the photo-resist surface are subsequently blanketed with metal during the 

subsequent deposition process. The metal covering the photoresist is removed once it has been dissolved 

using a solvent like acetone. The metal that was deposited in the exposed windows remains on the 

semiconductor surface. In order for the lift-off procedure to be successful, the photoresist must have an 

undercut that separates the metal on its surface from the metal on the semiconductor. A lift-off method 

in photolithography can utilise a single layer photoresist (S1818 or S1805). This is exposed to a developer 

(MF319 developer) before the UV exposure stage to harden the surface and make it less sensitive to the 

developer solution. This causes the lowest part of the resist to develop more quickly. The single layer resist 

lift-off procedure is shown in Figure 3.7 (a). 

 

Wafer

1) As spun resist 2) Exposure 3) Development  

(a)

Positive resist

UV radiation
Chrome mask

Figure 3.6: Positive photoresist spinning, exposure and development. 
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Another way to get the undercut profile is to use a combination of two different photoresists. For this 

project, LOR10A and S1818 photoresists were used together. A bilayer photoresist process flow is shown 

in Figure 3.7 (b). The photoresist has an undercut profile so the resist stripper may access the resist under 

the metal and remove it together with the excess metal. Similarly, to get these undercut profiles in 

electron-beam resists, a tri-layer is used in which the lower resist layer has a lower molecular weight than 

the upper layer. This makes the lower layer more sensitive to radiation, so it gets developed faster than 

the upper layer. The tri layer resist lift-off procedure is shown in Figure 3.7 (c). 

 

Various types of resists were used for the fabrication in this research, and these are outlined in Table 3- 1.  

Table 3-1: Resists used in this research work for various applications. 

Resist Type Application 

PMMA Positive E-beam lithography 

S1805/S1818 Positive Dry etch mask 

CSAR Positive Multilayer system for T-gates 

LOR Positive Undercut for T-gates (better lift-off) 

 

3.4 Metallization 

Metal is required for making the electrical connections from semiconductors to the outside world, and so 

establishing metal contacts to semiconductors is a crucial step in the construction of devices. Metal may 

(a)

Wafer

S1818 S1818 S1818 S1818
Metal Metal

1) Development 2) Metallization 3) Lift-off  

Wafer

Metal Metal

1) Development 2) Metallization 3) Lift-off  

LOR10 LOR10

S1818 S1818

LOR10 LOR10
S1818 S1818

(b)

Wafer

1) Development 2) Metallization 3) Lift-off  

PMMA PMMA
LOR3A LOR3A

(c)

CSAR CSAR

Wafer

PMMA PMMA
LOR3A LOR3A

CSAR CSAR

Figure 3.7: The metal lift-off process flow using (a) a single layer photoresist (b) a bi-layer od photoresist (c) 
a tri-layer of photoresist. 
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be deposited on semiconductor surfaces using a number of different methods. Electroplating, sputtering, 

and electron beam evaporation. In this research, electron beam evaporation method used. 

3.4.1 Electron beam metal evaporation 

An electron beam metal evaporator is a type of vacuum deposition system that uses an electron beam to 

vaporize a metal source material and deposit a thin metal film onto a substrate. This metal crucible is 

water-cooled such that only the surface where the electron beam is focused evaporates. The system 

typically consists of a vacuum chamber, an electron beam gun, a metal source, and a substrate holder. 

Plassys MEB 550S (also known as Plassys II) and Plassys MEB 450 (further referred as Plassys IV) are the 

tools utilised in this research work for metal evaporation. A picture of Plassys IV is shown in Figure 3.8. 

Details of the electron beam metal evaporator tool are as follows: 

• Electron beam gun: The electron beam gun is the key component of the evaporator. It generates 

an electron beam that is used to vaporize the metal source material. The gun typically consists of 

a cathode, an anode, and a magnetic focusing system that directs the electron beam towards the 

metal source. 

• Metal source: The metal source is typically a rod or pellet of the metal to be evaporated. The 

source material should be of high purity and should be compatible with the electron beam gun. 

Commonly used metals include aluminium, nickel, molybdenum, copper, gold, silver, and titanium. 

• Vacuum chamber: The evaporator operates in a high vacuum environment to prevent the metal 

from reacting with any gases or contaminants. High vacuum conditions enable for improved step 

coverage, which means the metal may coat vertical and non-planar surfaces more efficiently, 

resulting in more uniform and conformal deposition. The vacuum is in the range 10−6 to 10−8 

Torr.  The mean free path of an atom of metal in a vacuum chamber is the average distance it can 

travel before colliding with another particle or surface. When metal is deposited in a vacuum 

chamber, the chamber's high pressure reduces the likelihood of collisions between metal atoms 

and gas molecules. The vacuum chamber is typically made of stainless steel or other materials that 

are resistant to corrosion and can withstand the high vacuum. 

• Substrate holder: The substrate holder holds the substrate to be coated and is typically made of a 

material that is compatible with the deposition process. The holder may be heated to promote 

adhesion between the metal film and the substrate. 

• Deposition rate: The rate at which the metal source is evaporated can be controlled by adjusting 

the current supplied to the electron beam gun. The deposition rate is typically measured in 

nanometres per second (nm/s) and can be controlled to produce metal films of different 

thicknesses. The typical metal deposition rates 0.3 – 0.5 nm/s.   

• Uniformity: The uniformity of the deposited metal film is critical for many applications. To ensure 

uniform deposition, the substrate holder may be rotated or moved during the deposition process, 

and the metal source may be moved or rotated to ensure that it is evenly evaporated.  

• Monitoring and control: The evaporator may include monitoring and control systems to ensure 

that the deposition process is performed accurately and reproducibly. During the deposition, 

metal thickness is monitored using feedback of the oscillation frequency from a quartz crystal, 

which is inside the chamber. 
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An additional feature of Plassys IV is an internal argon (Ar) source concealed behind a second shutter that 

enables in-situ Ar surface treatment prior to metallization. Ar surface pre-treatment was employed in this 

research before Ohmic metal deposition because it removes the native oxides, effectively leaving the 

surface free of oxides that naturally develop.  

 

3.5 Annealing  

Rapid thermal annealing (RTA) is a process of heating a material to a high temperature for a short period 

of time, typically on the order of seconds to a few minutes. The heating is done using intense pulses of 

light or radiation, such as a flash lamp or a laser, rather than a conventional furnace. RTA is used in 

semiconductor manufacturing to modify the properties of materials such as silicon, germanium, and III-V 

compound semiconductors. This can be done is a chamber filled with a gas such as nitrogen (N2) or forming 

gas (H2N2). The conventional Ohmic contacts metals layers Ti/Al/Ni/Au or Ti/Al/Mo/Au are usually step 

annealed at 750°C - 950° C in N2 environment for 30 – 40 seconds. It forms the TiN allow below the contacts 

to ensure the electron’s flow through the contacts into 2DEG. Ti/Al/Mo/Au is better for ohmic contact than 

Ti/Al/Ni/Au in GaN HEMTs because Mo has a higher melting point than Ni, which prevents Au from 

diffusing into the Al layer and forming a high-resistance barrier. Mo also has a lower work function than 

Ni, which helps to lower the Schottky barrier at the GaN/metal interface and create a lower-resistance 

ohmic contact. In this thesis, we have both the metal stacks. We use the step JetFirst 200 rapid thermal 

annealing (RTA) illustrate in the figure 3.9.  

Figure 3.8: Image of the Plassys IV metal evaporation tool. 
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3.6 Etching 

Etching is a process that involves selectively removing material such as metal, dielectric or semiconductor 

material from a wafer substrate using an etchant. The etching process can be used to create patterns (mesa 

isolation), vias structures (through wafer), or features on the surface of the GaN substrate, which can be 

used in various applications such as in the semiconductor industry for creating electronic devices. It is 

important to make sure the photoresist mask is suitably thick and can withstand the etching conditions 

since the etching solution or gas affects both the resists and the wafer. Etch masks that can be used include 

metals, dielectrics, polyimide, e-beam replicas, and other materials. There are several methods for etching 

GaN, including wet etching and dry etching. Wet etching involves immersing the GaN substrate in a 

solution of chemical etchants, while dry etching uses a plasma to remove the material. 

3.6.1 Wet etching  

Wet etching is a process of selectively removing material from a substrate using a chemical solution or 

etchant. The etching rate and selectivity can be controlled by varying the concentration of the etchant 

solution, the temperature, and the immersion time. The etching rate is the rate at which the material is 

removed from the substrate, while the selectivity is the ratio of the etching rate between the GaN material, 

and any other materials present on the substrate. Wet etching is a relatively simple and inexpensive 

process, but it can be difficult to achieve high precision and uniformity. The wet process occurs both 

vertical and lateral direction. So, very limited control on the lateral etching and sidewall profile [99]. 

Additionally, wet etching can introduce surface damage to the substrate, which can affect the performance 

of devices. Ga-faced GaN has high chemical stability which makes it highly resistive to wet etching. Hence, 

dry etching was utilised throughout the research work. 

3.6.2 Dry etching 

Dry etching of GaN involves the use of plasma to selectively remove material from a GaN substrate. Plasma 

is a high-energy state of matter that can break down molecules and atoms in the gas phase, creating 

Figure 3.9: Photo of the Jipelec JetFirst 200 rapid thermal annealing (RTA) machine. 
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reactive species that can react with the nitride material and etch it. The plasma is generated by applying 

a high-frequency electrical field to a gas mixture. The gas mixture typically contains a reactive gas, such as 

chlorine or fluorine, and an inert gas, such as argon or helium. The reactive gas dissociates in the plasma 

to form reactive species that can react with the GaN etching material. The plasma is directed towards the 

substrate, where it selectively etches the material layer of different material composition. The reactive 

species in the plasma react with the GaN material, forming volatile by-products that are removed from 

the substrate. The etch process is more vertical in this process. In this research work, dry etching of GaN 

was performed using two techniques: Inductively Coupled Plasma (ICP) and Reactive Ion Etching (RIE). 

Both techniques use plasma to selectively remove material from the GaN substrate, but they differ in the 

way the plasma is generated and the chemistry of the plasma process. The RIE with fluorine-based 

chemistry such as SF6/N2 [100] and ICP has chlorine-based chemistry BCl3/Cl2 [101]or Cl2/Ar [102]. The 

primary distinction between them is that although ICP contains both DC and RF generators, RIE only has 

one RF generator. GaN based isolation is typically obtained by etching down the epi-layers up to the GaN 

buffer layer, typically a depth of around 200nm.  

3.7 Dielectric material deposition 

Dielectric materials may also be deposited on a wafer during the processing of GaN devices. Dielectric 

materials can be deposited on GaN wafer using various techniques, such as physical vapor deposition 

(PVD), plasma enhanced chemical vapor deposition (PECVD) and atomic layer deposition (ALD). PECVD is 

a technique for depositing thin films of silicon nitride or silicon dioxide on substrates using plasma-

enhanced chemical reactions. The process involves introducing a mixture of precursor gases, typically 

silane (SiH4) and ammonia (NH3) for SiNx, into a vacuum chamber containing the substrate to be coated. 

The gases are then ionized by a low-power plasma discharge, which produces free radicals and ions that 

react with the surface on the substrate to form a thin film of silicon nitride. There is a PECVD tool that can 

deposit a few microns of SiNx layer in JWNC. This tool normally runs at a temperature of 300°C. Another 

alternative is a deposition tool called an inductively coupled plasma CVD (ICP 380), which could be used 

to deposit a thin coating of SiNx at the room temperature [103] [104]. In this research work, silicon nitride 

(SiNx) was deposited as a passivation layer to protect the GaN surface following the fabrication of the 

device. 

3.8 T-gate fabrication  

High-quality lithography requires excellent resists. There have been various reasons that have contributed 

to developments in optical lithography throughout the years. The main ones are decreasing exposure 

radiation wavelength, higher optics, and improved resist. The critical component of HEMT is the nanoscale 

T-shaped gate, whose gate foot defines the device's frequency regime and for which advanced 

nanolithography techniques is required. 

The T-gate fabrication method consists of two major steps. The first is to design T-shape profiles in resists 

using the electron beam lithography (EBL) tool, and the second is to transfer the resist profile into gate 

metals using metallization and lift-off. The basic concept behind creating T-shaped profiles in a bilayer of 

resists using EBL is based on the difference in electron-beam sensitivity between the two resist layers, with 

the top resist layer being more sensitive than the lower. After development, the top layer with more 
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sensitivity creates the larger head of the T-shaped gate, while the lower layer with lesser sensitivity forms 

the narrower foot. Because this profile is the inverse of the undercut necessary for lift-off, extra 

precautions are usually taken to achieve a sufficient undercut in the top resist layer [105]. 

Recent developments in modelling resist development were used to design the process, in which each 

resist is developed separately to optimize the resulting structure. Initially, the CSAR and PMMA resists 

were defined separately by writing dosage wedges consisting of 200 x 500 µm rectangles scattered out at 

400 µm period. After development, the residual resist thickness was measured using a single profilometer 

scan. The contrast data from these scans, along with the electron point spread function for the resist stack 

and material system, were loaded into the BEAMER software [106]. This allowed it to do 3-D Proximity 

Effect correction, the actual energy distribution given by the primary and scattered electrons can be 

approximated as the weighted sum of several Gaussian distributions, which, in principle constitute the 

proximity function and compute the appropriate foot and head doses in order to achieve the required 

structure. This is especially beneficial in high-density regions, such as gate feeds, or when the gate pitch is 

tiny. These inputs, in addition to the correction, were utilized to model the resist cross-section after 

development using the GenIsys LAB modelling software [98]. The proximity correction file is developed by 

research group. T-gate structures with head lengths of 500 nm and foot lengths between 50 and 100 nm 

made up the base pattern. A single cleave could be used to segment all the gates in the whole pattern, 

which was a linear repetition of the basic pattern printed at various dosages [107]. The clearing doses of 

CSAR and PMMA resists were identified from the dose test measurements to be 180 μC/cm2 and 480 

μC/cm2 respectively . 

In this research study, a CSAR/LOR/PMMA resist stack for using single-step EBL T-gate fabrication was 

developed, resulting in a reliable T-gate manufacturing method (CSAR is All resist GmbH AR-P 6200 series 

resist; LOR is Kayaku Lift-off Resist; PMMA is poly (methyl Methacrylate)). Independent development steps 

are required for the CSAR and PMMA layers. The LOR splitting layer separates the head and foot 

developments and also offers a controlled undercut. Using BEAMER software, 3D proximity correction was 

performed. The process flow for the fabrication of T-gate is shown in Figure 3.10 (a) and exposed dose 

gate region in Figure 3.10 (b). Figure 3.11 shows the (a) CSAR and (b) PMMA photoresist thickness 

determines the amount of resist material available to be patterned, while the electron beam dose intensity 

determines the amount of energy delivered to the resist to expose or clear it.  

The substrates used were made of a thick (3 µm) and thin (0.35 µm) buffer GaN-on SiC structure. The 

100nm PMMA (950k), 300nm LOR-3A, and 250nm CSAR were used to make multilayer resist stacks. For 

the PMMA, the required soft bake temperature on the hotplate were 5 minutes at 180 °C and 2 minutes 

at 150 °C after each of the other two layers. After exposure to an electron beam with a Raith 100 kV EBPG 

5200 EBL tool, the three resist layers were developed in three separate steps. This enabled each layer to 

be developed independently, giving fine control over their relative sensitivities. CSAR was developed by 

dipping a sample in a bath of amyl acetate at 23 °C for 30 seconds, then rinsing it for 30 seconds in a bath 

of isopropyl alcohol (IPA), and then drying it with a N2 blow dryer. LOR-3A is not sensitive to electrons, but 

it can be removed with TMAH. In this case, CD-26 is used for 25 seconds, followed by two 30-second rinse 

steps in RO water baths. IPA: MIBK 3:1 was used at 23 °C for 30 seconds to develop the PMMA. This was 

followed by a rinse with IPA and a N2 blow dry. Later, Ni/Au metal stacks are deposited by e-beam 



44 
 

evaporation to form the Schottky gate contact. The dose test measurements for T-gate revealed that the 

clearing doses for T-gate in CSAR (wings) and PMMA (foot) resists are determined to be 180 μC/cm² and 

480 μC/cm², respectively. 

The fabrication flow for 2-finger devices was then combined with this T-gate fabrication technique. Figures 

3-12 (a), (b), and (c) illustrate, respectively, the scanning electron microscopy (SEM) of T-gate 

development resists profile utilising three layers of photoresists, after metallization robust T-gate of sub-

nanometre in size, and T-gate Schottky contact between the source and drain ohmic contacts. When an 

Ohmic contact is heated to 800 degrees, the surface may become uneven due to various factors. Thermal 

expansion of the material can cause different regions of the contact to expand at different rates, resulting 

in surface height variations. The material's non-uniform composition or microstructure can also 

contribute to differential thermal expansion, leading to surface irregularities. Additionally, surface tension 

forces at elevated temperatures can cause the molten metal to form irregular shapes and patterns. High 

temperatures can induce atomic diffusion and recrystallization, leading to changes in grain boundaries 

and crystal orientation, which in turn can cause surface roughness. Impurities or inclusions in the Ohmic 

contact material can result in localized differences in melting and solidification temperatures, leading to 

uneven surface features. 

Figure 3.10: Schematic of the process flow for the fabrication of T shape gate using tri-layer (a) and (b) 
exposed gate region. 
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3.9 HEMT fabrication process flow 

This section details the fabrication flow for the GaN HEMTs device used in this research. GaN HEMTs can 

then be made using the fabrication steps described including etching, metal deposition, and lift-off 

procedures. The fabrication method of dry etching had been developed by a University of Glasgow 

research groups and implemented in this study. The primary processes in GaN HEMT production are 

depicted in Figure 3.13. are mesa isolation, gate and bondpad metallisation. In Appendix A, specific details 

of each step are described. 

3.9.1 Mask plate design 

In this research work, optical lithography (Mask Aligner MA6) tool and electron beam lithography (Raith 

EBPG 5200 HS) tools were both used in the device processing. Computer aided design software, such as L-

edit, one of the software products available from Tanner EDA, was used to create a design for a device 

before it was fabricated. Quartz mask plates with chromium on one side are manufactured using the 

Figure 3.11: The measured beam spread effect by forward scattering in the top CSAR (a) and PMMA-950K (b) 
at 100 keV. The layer structure is 120 and 250 nm thick PMMA and CSAR, respectively. 

Figure 3.12: SEM images of the developed three-layer photoresist profile of the T gate (a), the T-gate, image 
after metallization on SiC (b) and T-gate in between source and drain on SiC substrate (c). 
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designs prepared in L-edit. On the other hand, an EBL tool receives the design files and uses them to 

pattern and etch the chrome so that it accurately reflects the original designs. Figure 3.14 shows a typical 

layout of a design in L-edit. 

To study the impact of device geometry on performance, a typical mask is designed with a number of 

device geometries. Also, the mask has test components like CTLM (circular transmission line method), 

LTLM (linear transmission line method) and diodes that allow users to evaluate the quality of the Ohmic 

contact resistance and gate contact after each fabrication run. 

 

 

  

 

Figure 3.13: Schematic views of the process flow for to substrate fabrication in AlGaN/GaN HEMT device processing 

steps (a)Clean wafer; markers (b) Photolithography and deep mesa-etch pattern using BCl3/Cl2 plasma (c) 

Deposition of Ti/Al/Ni/Au metal stack Ohmic contacts (d) Ni/Au based gate metallization (e) Bond pads contacts 

(f) Device passivation using 100nm Si3N4. 
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3.9.2 Mesa isolation 

Mesa isolation is required to electrically isolate neighbouring devices on the sample material. An etch 

down to the semi-insulating (or buffer) GaN is necessary when considering AlGaN/GaN HEMT material 

(100–200 nm etch). Device isolation is only necessary for RF devices. Etching the GaN can be done in JWNC 

using either the RIE or ICP 180 dry etching recipes. In this work, a dry etching process is used to remove 

all active layers including the GaN cap layer, AlGaN barrier layer and part of the GaN buffer layer as shown 

in Figure 3.13 (b). Photoresist S1818 is the thick resist used as a mask for the etching with the (Inductively 

coupled plasma) ICP 180 dry etch tool. The gases were set to 30/15 sccm for the Cl2/Ar at pressure 4mTorr, 

and the RF power and ICP DC power are 75W and 750W, respectively. The outcome was a 250-260 nm 

etch into the GaN buffer layer after a 1 minute. Alternatively, 80+RIE (reactive ion etching) with (chlorine 

and Argon) Cl2/Ar gas was used for etching. This produces a controllable and repeatable etch rate of 260 

nm/min. 

Figure 3.14: Screenshot of layout of a design in L-edit. 
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3.9.2.1 Shallow Etching 

Shallow etching is a critical process step in the fabrication of gallium nitride (GaN) devices. Shallow etching 

involves selectively removing a thin layer of GaN from the surface of the HEMT structure. The key challenge 

in shallow etching of GaN HEMTs is to remove the GaN without damaging the underlying device layers. 

The etching process must be carefully optimized to ensure that only a thin layer of GaN is removed, and 

the critical device layers, such as the gate and barrier layers, are not affected. Shallow etching is used for 

the gate Schottky contacts to etch the AlGaN barrier layer. The shallow etching is much difficult than the 

mesa etching. Its needs very high accuracy to reach up to 10-15 nm of the barrier layer. Therefore, various 

factors can affect the shallow etching process, including the gas mixture, etching time, temperature, and 

pressure. The etching parameters must be precisely controlled to achieve a uniform and reproducible etch 

profile across the wafer. The gases are used Cl2 and BCl3 at a rate of 10 sccm and 5 sccm respectively. For 

the low damage etching, RF and DC power considered carefully. The RF power is 15W and the DC power 

is 100W at the chamber pressure of 20mTorr at 20°C for 3 minutes. In this time, 16nm of AlGaN layer is 

etched, so the etching rate is 5nm/minute.  

The silicon nitride (SiNx) passivation layer for dry etching, 80+RIE used for to achieve the more precise 

etching rate The gases are used SF6/N2 at the rate of 25/50 sccm. The RF power was 20W at the chamber 

pressure of 15 mTorr at room temperature. The optimised SiNx etching rate is 8-9nm per minute.  

Table 3- 2 shows the different gases used for the SiNx and GaN material etching work with their etch rates. 

 

Table 3-2: Different gases used in this SiNx and GaN material etching work. 

 
Gases 

Flow rate 
(sccm) 

ICP/RF 
power 

(W) 

Pressure 
(mTorr) 

Temperature 
(°C) 

Etch rate Target 
material 

Developed 
by 

Cl2 /BCl3 25/15 100/13 20 30 70nm/min For GaN  UofG 
Research 

group 

Cl2 /BCl3 10/5 100/15 20 20 5nm/min For GaN Myself 

SiCl4/SF6/Ar 10/3.5/10 100 20 20 20nm/min SiN UofG 
Research 

group 

Cl2/Ar 30/15 750/75 4 25 250 
nm/min 

For GaN  Myself 

SF6 /N2 25/50 20 15 25 8-9nm/min SiN UofG 
Research 

group 
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3.9.3 DC and RF devices 

Figure 3.15 depicts the gate wrap-around DC device layout. It is essential for process development because 

it only requires two lithography processes, allowing for more iterations than RF device layout. Since the 

gate encloses (wraps around) the drain region, a mesa isolation etch step is not required. The gate wrap 

around DC device has a gate with of 60 µm, a source to drain distance of 12 µm, a gate length of 3 µm, 

and gate to drain distance of 5 µm. 

A typical RF device design layout shown in Figure 3.16. The RF devices have different gate lengths (50 nm 
to 200 nm) and gate width (12.5 µm to 50 µm). The RF layout design fabrication process required 4 
lithography steps. It’s a combination of e-beam lithography and photolithography. To enable testing of 
HEMT devices, contact pads are necessary to establish connections with external circuits. These pads 
utilise a ground-signal-ground configuration with coplanar waveguide (CPW) to ensure the integrity of RF 
signals, with their characteristic impedance adjusted to match that of the measurement system (50 Ω) by 
adjusting the signal-line width and signal-ground separation. However, adding contact pads can increase 
capacitance in HEMT devices at microwave frequencies, significantly affecting their performance. 
Therefore, in this study, the layout of the input and output feeds was designed to accommodate a 

SOURCE DRAIN GATE

Figure 3.16:  Layout of fabricated design of a RF device. 

Figure 3.15: Layout design of a DC device. 
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minimum RF probe tip pitch of 50 μm and the RF probing required for skating distances, with a minimum 
skating distance of 25 μm used as a rule of thumb. A 50 μm-pitch Pico probes were used to probe the 
CPW-transition parts located at left side of wafer, fabricated transmission lines and passive components. 
The samples were placed on a thick quartz spacer to eliminate any possible parasitic substrate modes 
caused by the metal chuck. 

3.9.4 Gate metallisation 

T-gate metallisation was defined by using the tri-layer of PMMA, LOR3A and CSAR e-beam and LOR10A 

and S1805 photoresists. The Ni/Au metal stack is used with thickness of 20/300nm respectively.  

3.9.5 Bondpad metallisation 

Only RF devices require bond pad metallization, and the metal stack used is Ti/Au with thicknesses of 

20/400 nm, respectively. 

3.10 Summary 

This chapter has given an overview of how AlGaN/GaN HEMTs that have been produced throughout the 

course of this research. It briefly explains the processing methods, including lithography, metallization 

including a description of epitaxial growth. Details of the fabrication procedures for both DC and RF devices 

were provided. 
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4 Ohmic Contacts in GaN HEMTs 

4.1 Introduction 

Ohmic contacts have a significant impact on the performance of GaN HEMTs. Achieving low Ohmic contact 

resistance would increase current densities, lower the overall On-resistance, and reduce power dissipation 

in the Ohmic contacts, and so it is very desirable. To minimise the Ohmic contact resistance, either the 

barrier thickness or the barrier height at the metal-semiconductor interface can be reduced.  

This chapter begins with a description of the theory of the metal-semiconductor interface and 

transmission line model, followed by a review of the existing research on Ohmic contacts made on AlGaN 

barrier HEMT devices. The optimisation work on recessed Ohmics on AlGaN/GaN material done in this 

project will be presented. 

4.2 Metal-semiconductor Contact 

A crucial component of all electrical devices are the contacts between metal and semiconductor. There 

are two different categories of metal-semiconductor junctions. One is a Schottky contact that functions as 

a rectifying diode. The other is an Ohmic contact a linear current voltage (I-V) characteristic. The Schottky 

barrier is usually created when a metal comes into contact with an undoped or lightly doped 

semiconductor. On the other hand, if a metal contacts a heavily doped semiconductor and is subjected to 

a thermal process, Ohmic contacts can be formed. In Ohmic connections, a low contact resistance (Rc) is 

essential. However, because of their wide bandgap, it is difficult to form good Ohmic contacts on III-nitride 

semiconductors like (Al)GaN. 

Ohmic contacts exhibit a linear behaviour due to the emission of electrons from the metal into the 

semiconductor. This process is governed by the barrier width and magnitude, which is the difference 

between the conduction band at the interface and the Fermi level. When the barrier height is small, 

electrons can more easily cross it, leading to a lower resistance for Ohmic contacts. The height of the 

barrier is determined by the bandgap, where a lower bandgap results in a lower barrier height. The barrier 

width, on the other hand, depends on the doping level of the semiconductor. Figure 4.1 depicts the band 

diagram of a metal in contact with an n-type semiconductor. When there is no bias applied across the 

junction, the Fermi level (EF) should be flat [58] . As a result, the energy bands bend, creating a depletion 

zone of width W. The Schottky barrier height, 𝑞∅𝑏, is a barrier to electrons.  𝑞∅𝑏, depends on the metal 

work function, q∅𝑚, and electron affinity,  𝑞ꭕ, of the semiconductor, and its height determines the ease 

with which electrons can cross it. A discontinuity between the conduction bands of the metal and 

semiconductor is caused by band bending and is referred to as an energy barrier or Schottky barrier. The 

ideal Schottky barrier height can be calculated by:  

 

 𝑞∅𝑏 = 𝑞∅𝑚 − 𝑞ꭕ (4.1) 
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As illustrated in Figure 4.2, there are three main ways by which electrons can transit through the metal-

semiconductor interface: thermionic emission, field emission, and thermionic field emission [108].  These 

are described briefly below: 

1. Thermionic emission (TE) – Thermionic emission at the metal-semiconductor interface refers to the 

process where electrons escape from the metal and cross the Schottky barrier into the semiconductor 

due to thermal energy. When the metal is heated, the electrons gain enough energy to overcome the 

barrier, and they diffuse towards the semiconductor side. The ability of electrons to cross the Schottky 

barrier through thermionic emission is dependent on several factors, including the barrier height, 

temperature, and doping level of the semiconductor. Thermionic emission is a significant mechanism for 

current flow in Schottky contacts. For this contact, the doping concentration Nd of the semiconductor is 

typically below than 1017/cm3. 

2. Field emission (FE) – Field emission at the metal-semiconductor interface refers to the process where 

electrons escape from the metal and tunnel through the Schottky barrier into the semiconductor due to 

the application of an electric field. When a voltage is applied to the metal-semiconductor junction, an 

electric field is created that can cause the electrons to tunnel through the barrier. The ability of electrons 

to tunnel through the Schottky barrier via field emission is dependent on several factors, including the 

barrier height, the electric field strength, and the doping level of the semiconductor. If the doping 

concentration Nd of the semiconductor is more than 1019/cm3, field emission occurs. Due to field emission, 

Ohmic contacts have linear transmission properties. The size and width of the barrier control field 

Figure 4.1: Energy band diagram for a metal (n-type) semiconductor contact in thermal equilibrium. 
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emission. By increasing the GaN semiconductor's doping, the barrier's width can be minimized and 

reduces the Ohmic contact resistance. Lower Ohmic contact resistance results from easy electron 

transport across the barrier when the bandgap decreases. 

3. Thermionic field emission (TFE) - A thermionic field emission (TFE) metal-semiconductor interface is a 

type of electron emitter that utilizes the combination of thermionic emission and field emission 

mechanisms to achieve high emission currents. In this interface, a metal with a high work function is in 

close contact with a semiconductor material with a low electron affinity, creating a potential barrier at 

their interface. A sharp electrode is usually placed near the interface to concentrate the electric field, 

leading to the enhancement of the emission of electrons. Under a high electric field, electrons in the 

semiconductor gain enough energy to overcome the barrier and escape into the metal through the 

thermionic emission process. Additionally, electrons can tunnel through the barrier at the interface via 

the field emission process, leading to a higher emission current. 

 

 

The quality of Ohmic contacts play a crucial role in determining the device's performance. Lower contact 

resistance is essential for efficient carrier injection and extraction, which improves the device's overall 

efficiency and maximum output power. Additionally, higher series resistance introduced by Ohmic 

contacts can limit the device's transconductance, affecting its high-frequency performance and maximum 

oscillation frequency (fmax) and cut-off frequency (fT). The presence of Ohmic contacts also introduces 

parasitic capacitance and inductance, which negatively impact the high-frequency response, reducing the 

device's bandwidth at mm-wave frequencies. Carrier transport properties influenced by Ohmic contacts 

can cause transit time delays, limiting the device's maximum operating frequency and switching speed. 

The thermal characteristics of Ohmic contacts are critical to dissipate heat efficiently at high frequencies, 

as excessive heat generation can lead to thermal instability and degrade device performance. Finally, 

Ohmic contact materials being carefully selected to match the GaN semiconductor material used in the 

Figure 4.2: The three types of carrier transport mechanism at metal and semiconductor, a) thermionic 
emission, b) Field emission and c) Thermionic field emission [101]. 
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HEMT structure. By carefully optimizing Ohmic contacts through material selection and fabrication, 

designers can improve the frequency response of GaN HEMTs, especially in mm-wave applications.  

4.2.1 Schottky Gate contact 

For AlGaN/GaN-based devices, Schottky contacts are employed as the gate terminal. Figure 4.3 illustrates 

the IV characteristics of a Schottky contact.  This contact regulates the density of 2DEG in AlGaN/GaN 

HEMTs. The 2DEG carrier density at the AlGaN/GaN interface is varied when the gate is biased. The high 

barrier height of a Schottky contact is desirable to reduce the current flowing from the semiconductor into 

the gate metal which is referred to as gate leakage current. Ni, Au, and Pt are three materials with high 

work functions that are often used in Schottky contacts. The work function of these materials is 5.15 eV, 

5.10 eV, and 5.65 eV, in that order. In this case, Pt has the highest work function, but it is not used as much 

in AlGaN/GaN-based devices because it doesn't stick well to GaN. So, Ni is commonly used, followed by a 

layer of Au to keep it from oxidising and to reduce the contact resistance [109] [110]. 

 

4.2.2 Ohmic contact formation 

The Ohmic contact (source/drain terminals) controls the flow of current through an AlGaN/GaN HEMT. 

Figure 4.4 illustrates the IV characteristics of a Ohmic contact.  

Breakdown voltage

Leakage current
Voltage (V)

Current (I)

Figure 4.3: IV characteristics for a Schottky gate contact 

Voltage (V)

Current (I)

Ohmics

Figure 4.4: IV characteristics for a Ohmic contact. 
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Ohmic contacts on GaN are often created using rapid thermal annealing (RTA) at high temperatures 

between 750 and 900 °C and contain multiple metal layers, each having its own function in optimising the 

Ohmic behaviour of the contacts.  The most common way to explain the low Rc is the formation of TiN. 

During the annealing, AlGaN loses its nitrogen atoms to make TiN. N-vacancies in the barrier layer act as 

n-dopants. So, the barrier layer becomes heavily doped, which raises the chance of tunnelling and lowers 

the Rc [111]. It has been shown that the metal stack of Ti/Al/Ni/Au provides good Ohmic behaviour for 

AlGaN/GaN devices, with excellent Ohmic contact resistances of about 0.2– 1.0 Ω-mm [112]. 

The following are typical metal schemes used for Ohmic contact layers, from bottom to top, and their 

functions: 

• Titanium (Ti): A smooth metal/semiconductor interface is achieved by annealing at a high 

temperature for a brief period of time to keep the reaction of Ti with only the AlGaN barrier and 

prevent it from reacting with the GaN buffer layer. In the process, Ti forms an alloy with the 

nitrogen (N) in the AlGaN barrier layer. Nitrogen vacancies also created and as a result the AlGaN 

barrier beneath the contact becomes heavily doped with donor atoms. Therefore, electrons can 

easily tunnel through to the 2DEG from the contact owing to the low potential barrier between 

the two. 

• Aluminium (Al): Al3Ti alloy is created through the bonding of Al and Ti. This alloy helps to increase 

the conductivity of the contact by reducing oxidation of the Ti layer. 

• Nickel (Ni), Platinum (Pt), Molybdenum (Mo) or Titanium (Ti): is the diffusion barrier between 

the top gold layer and the bottom Al layer to avoid the production of a highly resistant alloy called 

purple plague [113][114].  

• Gold (Au): Au is used in the metallization of the Ohmic contact because it is a highly conductive 

material. When annealed at high temperatures, Au reduces the oxidation of the Ti and Al layers 

of the contact, further increasing the conductivity of the contact [114].  

To realise (non-annealed) low Ohmic contact resistances, GaN is usually highly doped with silicon at 

doping densities of up to 1×1020 cm-3 [115]. 

4.3 Transmission line model 

The performance and quality of Ohmic contacts are evaluated using the Transfer Length Method (TLM), 

sometimes referred to as the Transmission Line Model. Reeves and Harrison introduced this method, and 

a detailed analysis is published in reference [116]. These measurements are often performed using either 

linear TLM structures or circular TLM structures. 

4.3.1 Linear Transmission Line Model (LTLM) 

The model, shown in Figure 4.5 (a), (b), consists of a sequence of the same Ohmic contacts spaced apart 

by variable gap lengths, Lx. The increase in semiconductor series resistance is correlated with the increase 

in gap separation. The LTLM structure require mesa etching to isolate it and eliminate fringing fields (to be 

explained in next sub-section). In a TLM pattern, current travels from one contact to the next through the 

semiconductor material and then to a second metal contact through resistances Rc, Rsh, and Rc again and 
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follows the path of least resistance. Here, RC is the contact resistance, Rsh is sheet resistance. Using a four-

probe measurement system, which applies current through one pair of probes while measuring voltage 

with the other pair, it is possible to measure the total resistance between consecutive pairs of pads. As 

illustrated in Figure 4.6, the total resistance is plotted versus the pad spacing. The total resistance RT of a 

metal semiconductor contact is the sum of the resistances encountered, which is calculated as follows:  

 
𝑅𝑇 = 2𝑅𝑐 + 𝑅𝑐ℎ = 2𝑅𝑐 +

𝑅𝑠ℎ𝐿

𝑊
 

(4.2) 

 

Here, L is the spacing distance between the two contacts, W is the contact width contact and 𝑅𝑐ℎ is the 

channel resistance. 

 

The contact resistance, 2Rc, is obtained from the intercept with the y-axis. The normalised contact 

resistance, Rc (Ω.mm) is obtained by multiplying Rc by W, the width of metal contact. The transfer length, 

LT, for semiconductors in general, which is the average distance over which electrons flow into or out of 

the semiconductor at the edge of the contact. It can be calculated from the intercept with the x-axis as 

follows: 

 𝐿𝑋 = 2𝐿𝑇 (4.3) 

 

Substrate

GaN Channel

Barrier

Metal Metal Metal Metal

Rc Rc

Rsh

L1 L2 L3

V

I
Mesa

Figure 4.5: (a) A semiconductor material with Ohmic contact pads for LTLM characterization (b) LTLM on 
after annealed. 
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4.3.2 Circular Transmission Line Model (CTLM)  

The CTLM technique is frequently used to measures the characteristics of Ohmic contacts. The problem of 

fringing fields can be simply solved with CTLM structures. The importance of mesa isolation depends on 

its ability to limit current in the channel and avoid fringe currents. The confinement of the current results 

in a more accurate estimation of the RC and Rsh values. This is shown in Figure 4.7, which depicts the electric 

fields for isolated and non-isolated mesa pads. Mesa isolation of the LTLM structure prevents any 

unwanted current flow, resulting in more accurate measurements. In contrast to the two lithography 

stages needed for LTLM structures, the CTLM method only needs one. A gap separates pairs of two metallic 

contact locations in the test structure: an inner circle and an outer ring. The entire test structure comprises 

a collection of contacts with varied gap lengths, spanning from a few μm to tens of μm [117]. 

Figure 4.6: An illustration of a plot of total resistance measurements versus various gap spacing. 

Metal Metal Metal Metal

Non isolated Isolated

WZ

(a) (b)

Figure 4.7: Current flow in LTLM structures (a) non-isolated and (b) isolated. 
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This structure is frequently used mostly for two reasons. First, due to the circular design, there is only one 

path for the current to pass between the metal contacts of the inner circle and the outside ring as shown 

in Figure 4.8, i.e. there are no fringing fields and therefore no requirement for mesa isolation. Secondly, 

the issue with the isolation size being different from the contact size may be avoided because isolation is 

not required.  

The technique used to extract the contact resistance from the LTLM structures is the same one used to 

extract the contact resistance from the CTLM structures. One exception is the necessity to apply a 

correction factor to data measured using CTLM structures because the inner circle's circumference is not 

equal to the outer circle's circumference and a correction factor is thus required to provide a linear fit. The 

correction factor is determined as follows, depending on the gap size [118] : 

  

𝐶 = 
𝑅1

𝑠
ln
𝑅1 + 𝑠

𝑅1
 

 

     (4.4) 

 

where s is the gap spacing and R1 is the inner circle's radius. Table 4.1 lists the correction factors vs gap 

spacing for R1 = 100 µm. 

Table 4-1: Gaps and their corresponding correction factor 

Gap spacing (µm) 4 8 12 16 20 24 32 40 48 

Correction factor (C) 0.98 0.96 0.94 0.92 0.91 0.90 0.87 0.84 0.82 

 

4.4 Literature review on GaN based Ohmic contacts  

Generally, the formation of TiN on the AlGaN/GaN for the Ohmic contacts the Ti/Al built contacts is 

annealed at very high temperature [119] the contact resistance reduces with reducing the Ti/Al ratio, 

reaching a smallest at a ratio of 0.15 alloy at 900°C [120]. The formation of N vacancies in GaN leads in 

electrically active donors, which lower the barrier width and make electron tunnelling easier. This 

approach, however, is ineffective for AlGaN because the enthalpy of formation for GaN (-110.9 KJ/mol), 

Figure 4.8: Illustration of Reeves concentric circular contacts. 
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TiN (-265.5 KJ/mol), and AlN (-318.1 KJ/mol) all release a significant amount of energy during contact 

formation. Because the bonding in AlN is stronger than in TiN, Al3Ti is formed, leaving AlGaN unchanged. 

As a result of the high Ohmic contact resistance, different metallization methods for GaN and AlGaN are 

required[121] [122]. The Ohmic contacts designed by using a metal stack of Ti/Al/Ni/Au 

(30/180/40/100nm) and annealed at 830C̊ in N2 atmosphere on 30 seconds time period for AlGaN/GaN 

devices provided the best reported low Ohmic contact resistance which is 0.1 Ω-mm [123]. Low contact 

resistance and very smooth surface morphology are the crucial parameters for the device-optimized by 

using the metal stack Ta/Al/Ta has got a contact resistance is 0.77 Ω·mm [124].  

Non-annealed Ohmic contacts are now also widely used in current research. They are obtained by etching 

the Ohmic contact regions and regrowing with highly n-doped GaN. As discussed earlier, lower bandgap 

of GaN and the high doping helps to reduce the barrier height and thickness of the metal-semiconductor 

junction. Typically MBE (molecular beam epitaxy) is mostly used for regrowing Ohmic contacts on HEMTs 

[125]. The obtained low ohmic contact resistances extracted from TLM measurements are 0.12 Ω-mm 

[126], 0.2 Ω-mm [127] and 0.11 Ω-mm [128]. Table 4-2 below shows the literature review on AlGaN/GaN 

based Ohmic contacts.   

Table 4-2 State-of-the-art Ohmic contacts to AlGaN/GaN 

Ohmic metal layers 

(nm) 

Barrier 

layer 

thickness 

dAlGaN 

(nm) 

Aluminium 

concentration 

XAl (%) 

Annealing 

Condition 

Ohmic 

contact 

resistance. 

(Ω.mm) 

References 

and Regrown 

(Y/N) 

Ti/Al/Ni/Au (NA) 24nm 30% 850 °C for 30 s 0.12 [126], 2018, N 

Ta/Al/Ti (10/300/20) 12nm 25% 550 °C for 60 s 0.4 [129], 2019, N 

Ti/Al/Ni/Au (15/60/30/50) 20nm 20% 850 °C for 30 s 1.3 [130], 2018, N 

Ti/Al/Ni/Au (NA) 20nm 25% 800 °C for 30 s 0.85 [131], 2018, Y 

Ti/Al/Ni/Au (20/120/65/55) 23nm 25% 840 °C for 35 s 0.4 [132], 2016, N 

Ti/Al/Ni/Au (60/180/83/68) 20nm 25% 850 °C for 60 s 0.8 [133], 2018, N 

Ti/Al/Ni/Au (10/200/40/100) 25nm 32% 870 °C for 30 s 0.39 [134], 2018, N 

Ti/Al/Ni/Au (25/140/40/50) 25nm 30% 830 °C for 30 s 0.67 [123], 2019, N 

Ti/Au/Al/Ni/Au 

(25/20/120/40/50) 

25nm 30% 830 °C for 30 s 0.5 [123], 2019, N 

Ti/Al/Ti/TiN (20/100/20/60) 20nm 25% 550 °C for 90 s 0.21 [135], 2019, N 

Ti/Al/Ti/Au (20/110/40/50) 21nm 26% 800 °C for 30 s 0.7 [136], 2018, N 

Ti/Al/Ni/Au (20/110/40/50) 21nm 26% 800 °C for 30 s 1.3 [136], 2018, N 

Ti/Al/W (20/100/30) 21nm 26% 830 °C for 45 s 0.45 [136], 2018, N 

Ti/Al/Mo/Au (15/60/60/35) 25nm 26% 850 °C for 30 s 0.3 [35], 2018, Y 
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Ti/Al/Mo/Au (15/60/60/35) 25nm 26% 850 °C for 30 s 0.8 [35], 2018, N 

Ti/Al/Ni/Au (20/100/40/50) 20nm 26% 870 °C for 20 s 0.3 [137], 2016, Y 

Ta/Si/Ti/Al/Ni/Ta 

(5/5/20/120/40/30) 

18nm 26% 850 °C for 30 s 0.22  [138], 2013, N 

Ti/Al/Ni/TiN  

(20/60/10/80) 

19nm 23% 900 °C for 30 s 1.1 [139], 2020, N 

Ti/Al/Ni/Au  

(20/120/30/50) 

21 25% 850 °C for 45 s 0.37 [140], 2022, N 

Ti/Al/Ni/W  

(50/250/50/30) 

21 25% 550 °C for 60 s 0.51 [140], 2022, N 

Ti/Al/Ni/Au  

(20/120/40/50) 

5 65% 850 °C for 30 s 0.17 [141], 2022, N 

Ti/Al/Ni/Au  

(20/120/40/50) 

20 22% 630 °C for 600 s 0.078 [142], 2022, N 

Ti/Al/Mo/Au  

(15/60/35/50) 

21 25% 800 °C for 30 s 0.32 This work, N 

 

4.5 Fabrication and evaluation of patterned Ohmic contacts 

In this project, we processed and characterized three (3) different patterned Ohmic contact structures 

(chess, vertical and horizontal) employing both shallow (~ 9 nm of etch depth) and deep (~ 30 nm of etch 

depth) Ohmic recess etching and analysed these using the transfer length method (TLM). Conventional or 

planar Ohmic contact structure was also fabricated for comparison. GaN HEMT devices were also 

processed and characterized to evaluate their performance. 

 

4.5.1 Patterned TLMs and device fabrication. 

The epitaxial layer structure used in this work was grown by Cambridge University, UK, using metal-organic 

chemical vapour deposition (MOCVD) on a 1-mm thick high-resistivity (HR) silicon substrate. The wafer 

structure consists of (from top to bottom), a 2-nm GaN cap layer, 21-nm Al0.25Ga0.75N barrier layer, 1-nm 

AlN exclusion or spacer layer, 200-nm GaN channel layer, 850-nm GaN and 1.7-μm AlGaN buffer layers, 

and 250-nm AlN nucleation layer. Two samples were prepared and processed for Ohmic recess etching. 

The first sample was used for shallow etching (etch depth of 9 nm) above the 2DEG channel, and the 

second sample was used for deep etching (etch depth of 30 nm) below the 2DEG channel. Both samples 

have the conventional or planar (no pattern) and different TLM pattern structures (chess, vertical and 

horizontal) as shown in Figure 4.9. The device structure corresponding to each of these different TLM 

patterns was also included to evaluate the device performance. The conventional or planar structure no 

etching process is done. The wrap-around gate design (where the gate encircles the drain contact) 

structure was used for device evaluation. The horizontal patterned structure of ohmic contacts is preferred 

due to its potential to improve high-frequency performance by reducing contact resistance. Contact 
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resistance at the metal-semiconductor interface, caused by phenomena such as thermionic emission, 

tunnelling, and surface diffraction, is a limiting factor. This design decreases contact resistance by 

increasing contact area with vertical and chess patterns and by providing multiple electron pathways. In 

addition, its rough surface aides in electron scattering, reducing its susceptibility to surface scattering. Due 

to its capacity to reduce contact resistance, this horizontal patterned structure is anticipated to excel in 

high-frequency applications [32]. The cross-section schematic illustration of the fabricated AlGaN/GaN 

HEMT devices with a shallow and deep Ohmic recess etching are shown in Figures 4.10 (a) and 4.10 (b), 

respectively. 

Figure 4.9: Top-view illustrations of the patterned surface of Ohmic contact using (a) conventional or planar (b) 

chess pattern etch (c) vertical pattern etch, and (d) horizontal pattern etch of AlGaN/GaN HEMT structures. 

 

 

 

 

 

Figure 4.10: The cross-section schematic illustration of the fabricated AlGaN/GaN HEMT structures with (a) 
shallow (~ 9 nm of etch depth) (b) deep (~ 30 nm of etch depth) Ohmic recess etching. 
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The RIE delayed effect, also known as aspect ratio dependent etching (ARDE), occurs during reactive ion 

etching (RIE). As a result, the etching depth of a smaller trench is less than that of a larger trench. This is 

due to the depletion of etching ions and radicals as they travel through the trench, resulting in a diminished 

etch rate at the trench's bottom. Several methods exist for mitigating the RIE latency effect, including the 

use of high-density plasmas, the addition of inert gases to the plasma, and the application of a substrate 

bias [143]. In Figure 4.11 showed the sidewall area of single chess pattern in the Ohmic region. The formula 

for calculating the sidewall of chess square pattern: 

 

 

Where, the L is length of etch area and etch depth is etch of AlGaN barrier layer (30nm).The analysis of 

sidewall characteristics in Ohmic etching, considering Planer pattern (22500 µ𝑚2), Chess pattern (23,265 

µ𝑚2), Vertical pattern (23,850 µ𝑚2), and Horizontal patterns (23,850 µ𝑚2) revealed that the chess pattern 

exhibited slightly more surface area than the horizontal pattern. However, it was observed that the 

horizontal pattern demonstrated superior contact resistance compared to the other patterns.  

Several factors could explain this phenomenon. Firstly, the horizontal pattern might have generated a 

greater number of sidewall regions on the AlGaN surface during the etching process. This increased the 

contact area for the Ohmic metal, facilitating a stronger tunnelling current between the Ohmic metal and 

the AlGaN barrier, consequently reducing contact resistance [32]. 

Secondly, the horizontal pattern may have been better aligned with the lateral current flow within the 

2DEG. This alignment likely improved the tunnelling current and further contributed to the reduction in 

contact resistance [144]. 

Lastly, it's possible that the horizontal pattern exhibited greater uniformity in comparison to the chess 

pattern. This enhanced uniformity would have played a role in minimizing contact resistance. 

In summary, based on the sidewall calculations and contact resistance measurements, it can be concluded 

that the horizontal pattern is the most favourable choice for Ohmic etching in GaN devices.  

                                    Total area =  (𝐿2 + (𝐿 + 𝑒𝑡𝑐ℎ 𝑑𝑒𝑝𝑡ℎ ×  )µ𝑚2  ( . 5) 

Etch depth 30nm 

Figure 4.11: The single etches chess pattern area 
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The fabrication starts with the mesa isolation using the Cl2/Ar gases and the etched depth of 260 nm was 

measured. For the TLM pattern structure, the etching was done using inductively coupled plasma (ICP) 

180 tool with the following recipes: chamber pressure of 20 mTorr, mixture of BCl3 and Cl2 gases with flow 

rates of 5/10 sccm, and ICP DC and RF power of 100 and 13 Watts, respectively. The two etching depths 

of ~ 9 nm and ~ 30 nm were compared for shallow and deep Ohmic recess etching, respectively. Prior to 

Ohmic metal deposition, an in-situ argon (Ar) etch for 30 seconds was applied to remove native oxide on 

the sample surface. A metal stack of Ti/Al/Ni/Au (30/180/40/100 nm) was deposited using E-beam 

evaporator, followed by a rapid thermal annealing (RTA) at 800°C for 30 seconds in N2 environment. 

Finally, Schottky metal stack of Ni/Au (20/200 nm) was deposited for the gate contact. The fabrication was 

done by a combination of photolithography and electron beam lithography (E- beam) processing. E-beam 

lithography was used to get precise sizes of the TLM pattern structures which consist of the smallest 

pattern size of 2 μm as shown in Figures 4-8b, 4-8c and 4-8d. The width of the TLM structure is 150 μm 

with the gap spacings, L, of 5, 7, 9, 11 and 13 μm. The device dimensions used are as follows: gate width 

(WG) of 60 μm, gate length (LG) of 3 μm, drain to source distance (LDS) of 12 μm, gate to drain (LGD) of 5 μm 

and gate to source (LGS) of 4 μm. 

4.5.2 Experimental results and discussion 

4.5.2.1 TLM measurements    

Figure 4.12 shows the measured contact resistances, RC, of a shallow (~9 nm of etch depth) and deep 

(~ 30 nm of etch depth) Ohmic recess etching on 3 different TLM patterned structures along with the 

conventional TLM structure. The cross-section schematic illustration of TLM patterned etching structures 

for a shallow and deep Ohmic recess are shown in Figures 4.13 (a) and 4.13 (b), respectively. The 

conventional or planar structure (no etching process is done) on both samples showed the same (0.59 -

mm) Ohmic contact resistance. The measured contacts resistances of TLM patterned structures show 

lower contact resistance both for shallow (0.46 -mm) and deep (0.32 -mm) Ohmic recess compared to 

the conventional (0.59 -mm) TLM structure. We attribute to the uneven AlGaN barrier layer thickness 

underneath the Ohmic metal contacts. The formation of sidewall area on AlGaN surface during the 

patterned etching process provides better contact of Ohmic metal resulting in more tunnelling current 

between Ohmic metal and the AlGaN barrier thus, reducing the contact resistance [144]. As for the 

conventional TLM structure (see Figure 4.13 (c)), the Ohmic metal sits on the even (planar) AlGaN layer 

without the sidewall area and no ohmic recess etching resulting in higher contact resistance. 

Further reduction of contact resistance for all 3 patterned etching structures was observed with a deep 

Ohmic recess (~ 30 nm of etch depth) due to the close contact between Ohmic metal and the 2DEG as 

shown in Figure 4.13 (b). The lowest contact resistance of 0.32 Ω.mm was observed for a deep horizontal 

patterned structure. These results are in good agreement with the obtained results from the previous 

published works in [32] where a deep ohmic recess etching (below the 2DEG) was performed prior to 

Ohmic metal deposition. The horizontal patterned structure provides the lowest contact resistance due to 

the removal of AlGaN barrier layer (patterned etching) and it is in parallel with the lateral current of the 

2DEG (see Figure 4.9 d) resulting in better tunnelling current compared to the vertical (see Figure 4.9 (c)) 

and chess patterns (see Figure 4.9 (b)) where the patterned etching is perpendicular to the lateral current 

of 2DEG resulting higher contact resistances. It was also observed that the measured contact resistance of 
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chess patterned etching is higher than the conventional TLM structure for a shallow Ohmic recess. The 

reason for this is not clear and needs further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.2.2 Device characterization 

All fabricated devices were measured using the Keysight Agilent’s B1500A semiconductor device analyser 

at room temperature. Figure 4.14 shows the measured output characteristics of the fabricated AlGaN/GaN 

HEMTs with a shallow (~ 9 nm etch depth) and deep (~ 30 nm etch depth) Ohmic recess etching of 3 

different patterned Ohmic contacts and conventional or planar contact. The device with a conventional 

Ohmic contact on both samples exhibit a maximum saturation drain current of 970 mA/mm and 972 

mA/mm. Note that there is no Ohmic recess etching for the device with a conventional Ohmic contact. As 

expected, the device with a horizontal patterned Ohmic contact shows higher maximum saturation drain 

current compared to other devices for both etching depths where the highest maximum saturation drain 

current of 1285 mA/mm was observed for a deep Ohmic recess. No obvious difference of maximum 

saturation drain current between devices with a vertical patterned and conventional Ohmic contacts while 

Figure 4.13. The cross-section schematic illustration of (a) shallow patterned etching (b) deep patterned 
etching (c) conventional or planar structure of Ohmic metal contact to AlGaN/GaN HEMT structures. 

Figure 4.12: Measured contact resistances, RC, of (a) shallow and (b) deep Ohmic recess etching on 4 
different TLM pattern structures. 
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the devices with a chess patterned Ohmic contacts show lower maximum saturation drain current both 

for shallow and deep Ohmic recess. The same trend was observed for the measured maximum 

transconductance of the fabricated devices. These results are in agreement with the measured contact 

resistances as observed in Figure 4.12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The transconductance characteristics of the fabricated AlGaN/GaN HEMTs measured at drain-to-source 

voltage, Vds = 7 V are shown in Figure 4.15. The highest maximum transconductance was observed on the 

device with a horizontal patterned Ohmic contact which gives values of 284 mS/mm and 296 mS/mm for 

a shallow and deep Ohmic recess respectively. No obvious difference of maximum transconductance 

between devices with a vertical patterned Ohmic contact and conventional Ohmic contact structures while 

the device with a chess patterned Ohmic contact shows a lower maximum transconductance for both a 

shallow and deep Ohmic recess. The measured threshold voltage, Vth of - 4.1 V was observed and this 

value is consistent for all devices for a deep Ohmic recess. However, there is a shift toward the negative 

direction of the measured threshold voltage for devices with a horizontal and vertical patterned Ohmic 

contacts. This behaviour needs to be further investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: The measured output characteristics of the fabricated AlGaN/GaN HEMTs with a (a) shallow (b) 
deep patterned etching of 4 different TLM structure. 

Figure 4.15. The measured transconductance of the fabricated AlGaN/GaN HEMTs with (a) shallow Ohmic 
recess etching (b) deep Ohmic recess etching with 4 different TLM pattern structures. 
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All devices exhibit lower gate leakage currents for a deep patterned Ohmic recess etch (compared to a 

shallow patterned Ohmic recess etch), where the lowest value is observed on the device with a horizontal 

patterned Ohmic contact as shown in Figure 4.16. These results corroborate the highest maximum 

saturation drain current and transconductance observed for this device. However, higher gate leakage 

currents were observed for devices with a shallow patterned Ohmic contacts compared to the device with 

a conventional Ohmic contact. The reason for this is not clear and needs further investigation. 

 

4.6 Conclusion 

This chapter provided an overview of GaN Ohmic contact technology as well as the fundamental metal-

semiconductor interface theory. In this project, we have successfully fabricated and measured AlGaN/GaN 

HEMT devices using 3 different patterned Ohmic contact structures. The types of Ohmic contact patterns 

used were horizontal, vertical and chess. A device with a conventional Ohmic contact was also fabricated 

for comparison. Two etching depths were used were ~ 9 nm and ~ 30 nm resulting trenches above and 

below the 2DEG channel, respectively. The lowest contact resistance of 0.32 Ω.mm was observed for a 

deep horizontal patterned structure. The fabricated device with this structure also demonstrated the 

highest maximum saturation drain current of 1285 mA/mm, maximum transconductance of 296 mS/mm 

and gate leakage current of 1.5µA/mm which is better compared to other fabricated devices. We found 

that the uneven AlGaN layer thickness underneath the Ohmic metal contacts is responsible for reducing 

the Ohmic contact resistance. The formation of sidewall area on AlGaN surface during the patterned 

etching process provides better contact of Ohmic metal resulting in more tunnelling current between the 

Ohmic metal and AlGaN barrier thus reducing the contact resistance.  

 

 

 

 

Figure 4.16: The gate leakage current characteristics of the fabricated AlGaN/GaN HEMTs with a (a) shallow 
Ohmic recess etching (b) deep Ohmic recess etching with 4 different TLM pattern structures. 
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5 Comparative study of buffer thickness in AlGaN/GaN HEMTs on SiC 
substrates 

5.1 Introduction 

Silicon carbide (SiC) is the substrate of choice for high-power RF applications due to its exceptional thermal 

conductivity, which greatly enhances device performance. To overcome lattice mismatch and reduce 

dislocation density in Gallium Nitride-on-SiC (GaN-on-SiC) structures, a specific growth strategy is 

employed. This involves the initial growth of an aluminium gallium nitride (AlN) nucleation layer (NL) with 

deliberately reduced crystalline quality. Subsequently, a GaN buffer layer, several micro-meters thick, is 

grown, and it is doped with deep acceptors such as iron (Fe) or carbon (C). These acceptors serve to 

compensate for any residual doping effects in the n-type GaN layer.[145] [146]. Silicon and oxygen 

impurities are the two prime shallow donor in GaN [147][148]. It's worth noting that silicon and oxygen 

impurities are the primary shallow donors in GaN. They introduce donor states, which increase the 

concentration of electron carriers while simultaneously lowering the resistivity of the buffer layer. 

However, this approach has some drawbacks. It degrades the overall thermal resistance of the structure, 

which diminishes the advantage of using a SiC substrate as an effective heatsink [149]. Furthermore, the 

introduction of acceptor-type impurities in a thick GaN buffer creates deep charge trapping area. These 

area have adverse effects, including an increase in low-frequency noise and the promotion of current 

collapse effects in High Electron Mobility Transistors (HEMTs) [150]. 

In the realm of Gallium Nitride-based High Electron Mobility Transistor (HEMT) heterostructures, the 

quality of GaN buffers holds immense importance. These buffers need to exhibit high resistance 

characteristics to achieve exceptional device isolation and to enhance the Radio Frequency (RF) 

performance of GaN-based HEMTs. The design of these buffers plays a pivotal role in shaping the epitaxial 

layer structure and the overall fabrication of AlGaN/GaN HEMT devices. When GaN buffers fail to maintain 

high resistance properties, several issues can arise. One critical concern is the inadequate confinement of 

electrons and the exacerbation of the Short Channel Effect (SCE). A "leaky" buffer hinders the attainment 

of high operating frequencies, thereby negatively impacting the device's performance. This can manifest 

as an increase in off-state leakage current, dielectric breakdown, or sudden spikes in current due to 

unintended additional leakage paths within the III-nitride heterostructure [151]. In addition, the quality of 

the heterostructure and the dielectric layers deposited on the buffer have a significant impact on electron 

trapping phenomena. These trapping-related effects can negatively impact the device's dynamic 

performance. 

In the heterostructure interfaces, the buffer layer, or on the surface of III-nitride materials, electrons can 

enter acceptor-like states when subjected to off-state stress conditions. These electron traps may exhibit 

a slower release time compared to when transitioning from an off state to an on state[152].  

To mitigate and eliminate these adverse effects, it becomes imperative to finely optimize both the growth 

process of GaN materials and the parameters involved in the fabrication of the device. This optimization 

effort is crucial for maintaining the desired electron population in the 2DEG during device operation, 

thereby ensuring the desired on-state current and overall device performance.  
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In some designs, an AlGaN back barrier layer replaces the buffer layer. The back barrier refers to a thin 

high bandgap layer of material that is grown between the substrate and the channel layer. The purpose of 

the AlGaN back barrier is to improve the electrical performance of the device by reducing the number of 

electrons that are trapped at the interface between the GaN channel and the substrate. The AlGaN back 

barrier has a wider band-gap compared to the conventional GaN buffer layer and it improves 2DEG 

confinement in the channel and breakdown voltage of the GaN HEMT [67]. The motivation of using the 

Buffer free GaN HEMTs due to the following reasons[153][154][155]: 

• GaN HEMTs without a buffer are more efficient because they lose less power during transition. 

• They are appropriate for high-frequency applications because they can switch faster than 

conventional FETs. 

• They are less susceptible to noise, which increases their dependability in congested environments. 

• They can be made smaller than conventional FETs, making them suitable for applications with 

limited space and portability. 

• They are utilised in numerous applications, such as power amplifiers, RF converters, switching 

power supplies, and high-speed circuits. 

This chapter discusses the two primary buffer design options outlined previously, i.e. conventional buffer 

design, and buffer-free HEMT heterostructure. Buffer-free GaN HEMTs have several advantages over 

standard GaN HEMTs with a buffer layer: 

Lower trapping: The buffer layer in standard GaN HEMTs can trap electrons, which can reduce the device's 

performance. Buffer-free GaN HEMTs have a lower trapping rate, which can lead to higher output power 

and efficiency. 

Better carrier confinement: The buffer layer in standard GaN HEMTs can also scatter electrons, which can 

reduce the device's frequency response. Buffer-free GaN HEMTs have better carrier confinement, which 

can lead to higher operating frequencies [153]. 

Lower thermal resistance: The buffer layer in standard GaN HEMTs can act as a thermal barrier, which can 

make it difficult to dissipate heat from the device. Buffer-free GaN HEMTs have lower thermal resistance, 

which can lead to better thermal management and improved reliability [156] . 
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Overall, buffer-free GaN HEMTs offer a number of advantages over standard GaN HEMTs with a buffer 

layer. These advantages can lead to higher performance, higher frequency response, and improved 

reliability. The conventional structure is shown Figure 5.1 and comprises: (1) an AlN nucleation layer, (2) a 

thick C or Fe-doped GaN buffer layer, (3) a UID-GaN layer, (4) an AlGaN barrier layer, and (5) GaN cap layer. 

  

5.1.1 Buffer-free GaN heterostructure 

AlGaN/GaN based HEMTs commonly use a thick GaN buffer of approximately ~ 2 micrometres to attain 

good crystalline quality close to the 2DEG and better device performance. However, achieving the same 

level of crystalline quality with a thinner GaN buffer offers numerous advantages. Thick-GaN buffers 

increase the bow of the structure, resulting in reduced device yield during fabrication, whereas thin-GaN 

buffers minimise the bow [157] [158]. In addition, during device operation, heat dissipation is a significant 

concern, and a thin-GaN buffer significantly reduces the total thermal resistance, resulting in a lower 

device channel temperature. In order to decrease leakage currents, improve breakdown voltages, and 

minimize short-channel effects, the buffer needs to be extremely insulating. 

Figure 5.1: A conventional AlGaN/GaN heterostructure with a significant C or Fe doping in the buffer layer. 

SiC Substrate

C or Fe doped GaN

AlGaN

AlN

GaN cap

UDI GaN
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Recently, a new technique based on buffer-free epitaxy was reported. A buffer-less AlGaN/GaN 

heterostructure is shown in Figure 5.2 and comprises: (1) an AlN nucleation layer, (2) a UID-GaN layer, (3) 

an AlGaN barrier layer, and (4) GaN cap layer. Several advantages are expected using this new concept of 

epitaxial layers. A thin-GaN buffer significantly reduces the total thermal resistance, resulting the reduction 

of the device self-heating since the heat generated in the thin GaN channel would dissipate more 

efficiently into the substrate, less charge trapping effects since the thin GaN layer is unintentionally doped 

and the thin AlN nucleation layer could effectively serve as a back barrier layer to enhance the carrier 

confinement in the channel for high-frequency applications [159]. Moreover, the use of thin-GaN (~250 

nm) reduces material consumption significantly (~ 80%). To date, few works have been reported using the 

buffer-free GaN heterostructure where the demonstrated devices were comparable with the devices 

fabricated on the conventional heterostructure employing a thick GaN buffer layer [156] [160] [161].  

 

5.2 Experimental results 

5.2.1 Device structure and fabrication 

The epitaxial structures used in this work were grown by SweGaN commercial wafer suppliers, using hot 

wall metal oxide chemical vapour deposition (MOCVD) on a semi-insulating SiC substrate. The main 

difference between the wafers is the GaN buffer and AlN nucleation layer thickness. The structure of Wafer 

1 consists of (from top to bottom) a 1 nm GaN cap layer, 16 nm thick AlGaN barrier with 31% Al content,  

a Fe doped - 1.6 μm GaN channel layer and low thermal boundary resistance 35nm AlN nucleation layer, 

while wafer 2 has a 2 nm GaN cap, a thinner 14 nm AlGaN barrier with 30% Al content, a 1 nm AlN spacer 

Figure 5.2: A buffer-less AlGaN/GaN heterostructure. 
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layer, and an ultra-thin 250nm unintentionally doped (UID) GaN channel layer and very low thermal 

boundary resistance [162] and high quality 60nm AlN nucleation layer.  

Details of the material properties for both heterostructures are enumerated in the Table 5-1. Wafer 1 

exhibits lower average sheet resistance and higher 2DEG mobility and density due to the higher Al 

concentration in the AlGaN barrier layer and also due to the AlN spacer layer which increase the 

polarization effects at the quantum well. Wafer 2 shows that the 2DEG transport properties were not 

compromised when significantly reducing the GaN channel layer thickness.  

Table 5-1: As-grown material properties for both heterostructures both wafers measured by manufacturers. 

 

 

 

 

 

 

 

 

 

Device fabrication started with the Ohmic metal contacts formed by the evaporation of Ti/Al/Ni/Au 

(30/180/40/100nm), followed by a lift-off process, then rapid thermal annealing at 800 °C for 30 secs. 

Next, mesa isolation was performed using the inductively coupled plasma (ICP180) with Cl2/Ar gases at 

30/15 sccm, RF/DC power of 75/750 W, and pressure of 4 mTorr, to achieve an etch depth of 100 nm. The 

gate metal contacts were formed by evaporation of Ni/Au (20/200 nm), followed by evaporation of bond 

pad metal contacts of Ti/Au (20/400 nm). A blanket deposition of 100 nm of Si3N4 grown using plasma-

enhanced chemical vapour deposition (PECVD) at 300 °C was used for surface passivation. Finally, the 

Si3N4 layer in the Ohmic and gate regions was etched using SF6/N2 to allow probed access for device 

measurements. The details of the device optimization process can be found in [163] [164]. 

All fabrication steps were defined using photolithography. DC and RF measurements were made at room 

temperature using Keysight’s B1500A Semiconductor Device Analyzer and E8361A PNA Network Analyzer, 

respectively. The epitaxial wafer diagram of the fabricated devices using a thick GaN layer and a buffer-

free is illustrated in Figures 5.3(a) and 5.3(b) respectively. Figure 5.3(c) shows the micrograph of the 

fabricated 200 µm wide device. Device dimensions used in this work are as follows: gate length, LG = 2 µm, 

gate-to-source distance, LGS = 2 µm, gate-to-drain distance, LGD = 3 µm and gate widths of 2 × 50 µm and 

2 × 200 µm. 

Material properties Thick buffer wafer Buffer-free wafer 

2DEG 1.2 ×  1013𝑐𝑚−2 1 ×  1013𝑐𝑚−2 

Mobility >1900 𝑐𝑚2/𝑉𝑠 
 

>2000 𝑐𝑚2/𝑉𝑠 
 

Sheet resistance ~ 270 Ω/Sq ~ 330 Ω/Sq 
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(C) 

5.2.2 Result and discussion 

To evaluate the contact resistance, RC, for both heterostructures the circular transmission line model 

(CTLM) structure was fabricated on both epitaxial layer structures. Figure 5.4 shows the comparison 

between the buffer-free and the thick GaN buffer Ohmic contact measurements. No significance difference 

is observed in the measured contact resistance between these two samples. The extracted contact 

resistance values of 0.65 Ω.mm and 0.59 Ω.mm µm for the buffer-free and the thick GaN buffer Ohmic 

contact structures, respectively. 

Figure 5.3:  Epitaxial wafer structure of fabricated AlGaN/GaN heterostructure devices using (a) a thick GaN 
layer and (b) a buffer-free (c) Micrograph of fabricated 200µm wide device. 
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The fabricated buffer-free AlGaN/GaN HEMT devices with a 2-m gate long, two-finger 2 × 50 µm and 

2 × 200 µm gate widths demonstrate a maximum drain current density of ~631 mA/mm and ~ 462 mA/mm 

biased at VGS = 1 V respectively. In comparison, the fabricated thick buffer AlGaN/GaN HEMT devices with 

a 2-m gate long, two-finger 2 × 50 µm and 2 × 200 µm gate widths demonstrate a maximum drain current 

density of ~ 686 mA/mm and ~ 512 mA/mm biased at VGS = 1 V respectively, as shown in Figure 5.5 and 

Figure 5.6.  
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Figure 5.5: The IDS-VDS characteristics for 50 and 200 μm wide devices on buffer-free GaN wafer. 

Figure 5.4: Measured contact resistance versus gap spacing of thick GaN buffer and buffer-free GaN wafers. 
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Again, there is no significance difference is observed in the measured maximum current density, IDS (max), 

and maximum peak transconductance, gm(max), between these two samples.  

Figure 5.7 showed measured DC-IV up to the higher drain bias voltage Vds = 40V and Vgs at 0V for thick 

buffer wafer and buffer free wafer. They showed negligible self-heating effect in both wafers.  

These results indicate that the measured output characteristics of buffer-free AlGaN/GaN HEMT devices 

are comparable with the thick buffer AlGaN/GaN HEMT devices. In addition, the obtained results show an 

expected higher IDS(max) and gm(max) compared to the previous published work using the similar buffer-free 
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Figure 5.6: The IDS-VDS characteristics for 50 and 200 μm wide devices on thick- GaN buffer wafer. 

Figure 5.7: The IDS-VDS characteristics of 2 x 50 μm wide devices at VGS = 0V to -5V and VDS up to 40V on 
buffer free wafer and thick GaN buffer wafer. 
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AlGaN/GaN heterostructure with device gate length of 5 μm [165]. The slightly higher currents in the thick 

buffer design are attributed to the higher 2DEG concentration, see Table 5-1. 

The maximum peak transconductance, gm(max), of ~ 181.7 mS/mm and ~ 202 mS/mm biased at the VDS = 5 

V for buffer-free and thick buffer AlGaN/GaN HEMT devices with a 2-m gate long, two-finger 2 × 50 µm 

gate width, respectively. The measured threshold voltage, VTH, of – 2.6 V and – 3.6 V (extracted value of 

gate-to-source voltage, VGS at IDS = 1 mA/mm) were obtained for buffer-free and thick buffer AlGaN/GaN 

HEMT devices with a 2-m gate long, two-finger 2 × 50 µm gate width, respectively, as shown in Figure 

5.8. There is a shift to a more positive value of the measured threshold voltage for buffer-free AlGaN/GaN 

HEMT device compared to the thick buffer device due to the usage of thinner AlGaN barrier layer (14 nm 

of AlGaN).  

  

 

 

Lower gate leakage currents were observed for the fabricated buffer-free AlGaN/GaN HEMT device with 

a 2-m gate long, two-finger 2 × 50 µm gate width as compared to the thick GaN buffer AlGaN/GaN HEMT 

device as shown in Figure 5.9. The higher gate leakage current for with buffer GaN is attributed to the 

electron trapping in the thick buffer layer. So, it can be concluded that the hot-wall MOCVD growth 

process for buffer free GaN is beneficial for improving the device performance. Note that gate leakage 

could be reduced also by improving the mesa isolation process. 
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Figure 5.8: Measured transfer characteristics of (a) buffer-free (b) thick GaN buffer devices biased at VDS = 5 V. 
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The measured off-state breakdown voltage, VBR, for fabricated buffer-free AlGaN/GaN HEMT device with 

a 2-m gate long, two-finger 2 × 50 µm gate width exceeds the maximum compliance of the measurement 

set up of 200 V as compared to the thick GaN buffer AlGaN/GaN HEMT device with the VBR of 186 V as 

shown in Figure 5.10.  
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Figure 5.9: Measured gate leakage currents of (a) buffer-free (b) thick GaN buffer devices with a 2-µm gate long, 
two-finger 2 x 50 µm wide biased at VDS = 0 V 

Figure 5.10: Measured off-state breakdown voltage of (a) buffer-free (b) thick GaN buffer devices with a 2- µm 
gate long, two-finger 2 x 50 µm wide biased at VGS = -10 V 
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S-parameter measurements were done on both the wafer devices biased at VGS = -2 V corresponding to 

peak transconductance. The RF performance measured on buffer-free and thick buffer small signal of the 

device were shown in Figure 5.11. In the buffer-free devices, the measured maximum cut-off frequency, 

fT, and maximum oscillation frequency, fmax, of 4.6 GHz and 9.8 GHz were obtained for a two-finger 2 × 200 

µm device biased at VDS = 15 V. For the thick buffer design, a two-finger, 2 × 200 m device biased at VDS = 

15 V was found to have a fT and fmax of 6.3 GHz and 14.7 GHz, respectively. The difference in frequency 

performance was attributed to the higher internal parasitics of the buffer-free devices. 

The internal parasitics of a device are the electrical components that are not intentionally designed into 

the device but are present due to the manufacturing process. These parasitics can include capacitances, 

inductances, and resistances [166] [167]. In the case of buffer-free GaN HEMTs, the higher internal 

parasitics are due to the lack of a buffer layer. The parasitic effects of the bond pads were not de-

embedded. Extrapolated cut off frequencies (fT) and maximum oscillating frequencies (fMAX) are provided 

in Table 5-2.  

 

Table 5-2 :Extrapolated fT and fMAX values from S-parameter measurements of buffer free and thick buffer 
devices at VDS = 15 V. 

Wafer Device size FT (GHz) FMAX (GHz) 

VDS = 15V VDS = 15V 

Buffer free GaN 2x200 µm 4.6 9.8 

Thick Buffer 2x200 µm 6.3 14.7 

 

 

Figure 5.11: Measured H21 and Maximum signal gain for 2x200µm device sizes for buffer and buffer free 
devices. 
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5.3 Conventional and buffer-free MOCVD-grown GaN HEMTs 

In this section, we investigated the thermal performance of two standard GaN HEMT epitaxial structures 

grown by metal organic chemical vapour deposition (MOCVD) on high thermal conductivity 4H-SiC wafers 

supplied from two commercial wafer vendors, supplier A (wafer 1) and SweGaN (wafer 2). The AlN layer 

growth conditions of the MOCVD methods, which result in different nucleation layer quality and required 

thicknesses, and the presence/absence of a buffer layer are the primary differences between the wafers. 

The wafer 2 grown was by hot wall MOCVD method. The epilayer structure of wafer 1 had 2 nm GaN cap, 

20 nm of thickness of AlGaN barrier layer with 25% Al concentration and thick 1.8 µm of C-doped GaN 

buffer with 200nm GaN channel layer. Wafer 2 had a 2 nm GaN cap layer, 14 nm of thin layer of AlGaN 

barrier layer with 30% of Al concentration and 250 nm of undoped GaN channel layer. The epitaxial layer 

structures of both wafers are shown in Figure 5.12. In comparison to Wafer 1, which was grown using a 

standard growth procedure and contains an AlN nucleation layer that is 200 nm thick, Wafer 2 was claimed 

to have ultra-low thermal boundary resistance due to an optimised wafer growth process employing the 

hot-wall MOCVD growth technology and used of only 60nm AlN thin nucleation layer.   

SiC Substrate

60nm AlN Back barrier 

250nm GaN Layer

14nm AlGaN Barrier Al=30 %

2nm GaN Cap layer

0.3µm <

SiC Substrate

200nm AlN nucleation layer

200nm GaN channel Layer

20nm AlGaN Barrier Al=25%

2nm GaN Cap layer

< 2.2µm

1.8µm C doped GaN buffer

Wafer 1 Wafer 2

Figure 5.12: Standard GaN-on-SiC epitaxial layer wafer structures for comparison in terms of the device thermal 
performance. 
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Table 5.3 showed the manufacturers' average sheet resistivity, 2DEG mobility and density. Because of the 

greater Al concentration in the AlGaN barrier layer and the AlN spacer layer, Wafer 2 has lower average 

sheet resistance and higher 2DEG mobility and density.   

Table 5-3: Manufacturers evaluated the 2DEG mobility, density, and average sheet resistances for both wafers. 

 Wafer 1 (commercial) Wafer 2 (buffer free) 

2DEG mobility, µ𝒆 1400 𝑐𝑚2/Vs 2000 𝑐𝑚2/Vs 

2DEG density, 𝒏𝒔 1 × 1013 𝑐𝑚−2 1 × 1013 𝑐𝑚−2 

Average sheet resistance 406 Ω/□ 330 Ω/□ 

 

5.3.1 Device measurement results 

To assess the thermal performance of the devices, two finger devices were concurrently fabricated on 

each wafer, each having a gate length of 2 µm and gate width of 50 µm. All the fabrication of the devices 

was done by using photolithography as described in chapter 4 Section 4.5.1.  In Figure 5.13, a micrograph 

of the manufactured device that is 2 × 50 µm wide is depicted. Ohmic contact resistances were extracted 

from transmission line method (TLM) tests for wafers 1 and 2 as 0.58 mm and 0.6 mm, respectively. 

 

 
Figure 5.13: Micrograph of the fabricated 2×50 μm wide device with gate-length of 2 μm. 

Source

Source

DrainGate
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DC-IV measurements were done on a 2 × 50 μm wide device and are shown in Figure 5.14. Wafers 1 and 

2 exhibit a maximum drain current density of 455 mA/mm and 712 mA/mm at a gate voltage of 1V, 

respectively. 

 

Figure 5.15 depicts the transconductance of two devices, each 50 µm in width, from both wafers. The 

transconductance of Wafer 2 is larger than that of Wafer 1 and the peak transconductances of the devices 

on wafers 1 and 2 are 81 mS/mm and 187 mS/mm, respectively.  
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Figure 5.15:  Transconductance (gm) characteristics of the wafer 1 (commercial) and wafer 2 (buffer free) 
devices. 
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Figure 5.16 depicts the gate leakage currents of the two devices up to a gate voltage of -10 V. The leakage 

current for the devices on Wafers 1 and 2 is 2.1 x 10-4 A/mm and 4.6 x 10-4 A/mm at VGS of -10V, 

respectively. Devices on Wafer 1 have greater gate leakage current possibly due to the thick barrier layer 

and thick buffer layers and the trap associated with these regions. Wafer 2, featuring a thin barrier layer 

and buffer-less structure, exhibits lower gate leakage compared to Wafer 1. Note that in general, improving 

the mesa isolation technique would also help lower the gate leakage current of the devices. 

 

The off-state three-terminal drain-source breakdown characteristics of the fabricated HEMTs from Wafers 

1 and 2 were measured in order to analyse the breakdown behaviour and the findings are given in Figure 

5.17. The devices were biased at gate voltage VGS of -10V. The drain voltage at a gate current of 1mA/mm 

is defined as the breakdown voltage, VBR, and it is consistent with the rapidly rising currents caused on by 

avalanche breakdown. The breakdown voltage of Wafer 1 was 189 V and Wafer 2 was over 200 V. This 

result on Wafer 2 further shows the high quality of the epitaxial layer structure. The measured results 

described above show the potential of this “buffer-free” structure for future microwave and millimetre-

wave applications.  
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Figure 5.16: Gate leakage comparison of devices on wafer 1 (commercial) and wafer 2 (buffer free) devices. 
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5.4  Conclusion 

We have described a comparative experimental study of conventional (with buffer layer) and new buffer-

free GaN HEMTs for microwave applications in terms of DC and S-parameter measurement. The DC and 

small-signal performances of the buffer-free GaN devices are comparable with the devices fabricated on 

the conventional heterostructure employing a thick GaN buffer layer. Also, the electrical performance of a 

novel "buffer-free" GaN HEMT was assessed. Compared to the commercial designs, the buffer-free devices 

exhibited lower gate leakage current (203 A/mm) and improved the off-state breakdown voltages, above 

200 V for 2 × 50 µm wide devices. The buffer-less devices also showed higher current density 712 mA/mm 

as compared to commercial wafer. These results demonstrate the high quality of the buffer-free GaN 

heterostructure despite the absence of thick transition layers as currently used in the conventional GaN 

HEMTs. 

 

 

 

 

 

Figure 5.17: Breakdown characteristics of wafer 1 (commercial) and wafer 2 (buffer free) devices. 
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6 Thermally Efficient GaN HEMT Devices 
6.1 Introduction 

AlGaN/GaN HEMTs have been widely studied for high-power and high-frequency applications. It is crucial 

to remove the heat generated by power loss in a device when using a high-power density technology like 

GaN-on-SiC. Saturated drain currents, transconductance, gain of device, and output power are all 

drastically decreased when the junction temperature rises if effective heat extraction procedures are not 

used. One of the biggest obstacles facing modern GaN HEMT technology is thermal management. This is 

about extracting heat from the device and reducing the amount of heat that the device generates. 

A major goal of this research was to investigate and develop novel approaches to the thermal management 

of GaN based devices. In this section, will discuss the role and effect of the nucleation layer between the 

substrate and GaN layer thickness, choice of substrate materials, and provide a literature review on 

thermal management techniques. We will describe an experimental comparative study on two different 

growths of GaN-on-SiC devices with different AlN nucleation layer thicknesses, and a novel method of heat 

extraction from the device where the nitride material around the device is removed to expose the SiC 

substrate on which the device bond-pads are deposited, and so the substrate acts as a heat sink.  

6.2 Thermal management of GaN HEMTs 

It has been shown that the DC biassing point primarily controls device heating, making changes in 

temperature and its distribution independent of the RF signal. For high RF power applications, good 

thermal management is crucial to decrease channel temperature and self-heating effect, which ensures 

output power performances for GaN-based HEMT [168]. 

As discussed earlier in chapter 2 section 2.4.1, GaN HEMTs are grown mostly on three popular substrate 

types: silicon, sapphire, and silicon carbide (SiC). Sapphire's thermal conductivity is 35 W/mK, for Si is 150 

W/mK, for SiC 400 W/mK, and for diamond 2000 W/mK. Figure 6.1 illustrates the standard AlGaN/GaN 

HEMT with three arrows showing how heat flows from the channel layer to the substrate. Heat transport 

across the AlGaN/GaN interface, nucleation layer, and substrate interfaces plays a significant influence in 

defining the overall GaN HEMT performance. As a result of the scattering of thermal energy carriers 

(electrons and phonons), a thermal boundary resistance (TBR) appears between the different materials, 

and a temperature discontinuity occurs across the interface. The thermal resistance is calculated by 

dividing the maximum temperature rise by the power dissipated by the device. Also given are the thermal 

conductivities of the most common epi-layers and substrates [169].  
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When the device is working, heat is produced at the AlGaN/GaN material interface in the 2-dimensional 

electron gas (2DEG) channel of the device. For GaN HEMTs, the TBR is the resistance to heat flow between 

the AlN nucleation layer and the substrate material on which it is grown [50] [170]. The nucleation layer is 

used to minimise the lattice mismatch between the GaN and the substrate when it is grown on a non-

native substrate [171]. The TBR of the AlN nucleation layer is therefore an important parameter to consider 

in the design of GaN HEMTs. It can be affected by several factors, including the thickness and crystal quality 

of the layer, as well as the quality of the interface between the nucleation layer and the substrate. 

Generally, a thinner and higher quality nucleation layer will have a lower TBR than a thicker or lower quality 

layer [172]. Nonetheless, the nucleation layer's low thermal conductivity varies from 1.5 to 23 W/mK, 

which is two orders of magnitude lower than that of single crystal AlN [173] [174].  

A recent investigation has highlighted TBR as the source of as much as 50% of the thermal resistance in 

the device [50]. Thermal analyses of GaN/substrate stacks show the significance of the thermal 

conductivity's temperature dependence. The effective size of the heat source grows as the GaN layer's 

temperature rises, reducing the thermal conductivity of GaN. In Figure 6.2 the simulation on the effect of 

GaN buffer layer thickness on the thermal resistance for different substrate materials is shown. The ideal 

Figure 6.1: A picture of a standard AlGaN/GaN HEMT with a three-arrow pointing from the channel to the 
substrate to show how heat flows. Also given are the thermal conductivities of the most common epi-layers 

and substrates. 
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GaN layer thickness is reduced as a result, being lower than the value anticipated by the temperature 

independent thermal conductivity [175]. 

 

 

 

 

 

 

Figure 6.2: The simulation on the effect of GaN buffer layer thickness on the thermal resistance for different 
substrate material [160]. 
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6.3 Review of thermal management techniques for GaN HEMTs 

GaN devices can operate at high frequencies and can handle high power densities. However, as power 

densities reach around 30 W/mm, thermal management becomes critical for their reliability and 

performance [176]. Even though a lot of work has been done on thermal management of GaN devices in 

the past few years, the thermal limitation of the TBR is still the biggest problem for GaN technology. Here, 

we summarise some thermal management techniques used in GaN HEMTs: 

Thermally conductive substrate: SiC is the chosen substrate for high power RF applications because of the 

high thermal conductivity of the substrate. 

Heat sinks: Heat sinks are passive cooling devices that transfer heat away from the GaN HEMT and 

dissipate it to the environment. They are commonly used in electronic devices and are effective in cooling 

GaN HEMTs. Water-cooled serpentine rectangular mini-channel heat sinks were used in an experiment to 

see how well they work for controlling the temperature of GaN devices [177] [178]. 

Liquid cooling: Active cooling techniques, such as fans or liquid cooling, are used to cool GaN HEMTs when 

passive cooling is insufficient. Active cooling is more effective than passive cooling and is used when high 

power densities are expected. It transfers heat from the GaN device to the backside of the diamond 

substrate, where it is then transferred to a metal heat sink or a microfluidics assembly [179] [180], see 

Figure 6.3. 

 

 

GaN on Diamond heat extractor

(a) (b)

Figure 6.3: Thermal management options illustrated schematically utilising diamond heat extractor using 
liquid cooling [167] 
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Diamond substrate: In its purest form, diamond, the bulk material with the highest known thermal 

conductivity (Tc), reaches values well above 40,000W/mK at low temperatures and more than 2000 W/mK 

at room temperature; these values are roughly 6 times higher compared to the most advanced SiC 

substrates used for GaN devices. Due to its extremely high thermal conductivity, diamond is the best heat 

extraction medium for a GaN HEMT [181]. 

 

Thinning the substrate: Thinning the (SiC) substrate beneath the GaN HEMT reduces the thermal 

resistance between the device and the heat sink. This technique is effective in reducing the operating 

temperature of the device. Using thermal simulation, the authors [182] observed an improvement in the 

thermal management of RF GaN-on-GaN HEMTs. The temperature rise was found to be minimum at the 

substrate thickness of 100µm as showing in Figure 6.4.  

 

 

 

 

 

 

 

 

 

 

Figure 6.4: A simulated comparison of heat source spacing distance dependence on temperature rise between 
GaN on GaN and GaN on SiC at different values of n × Wgu  (left figure) and simulated structure with heat source 
placed on top of GaN epitaxial layer[169]. 
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Distributed gate designs: In this process, using a SiC / Si substrate, AlGaN/GaN HEMTs with a planar 

dispersed channel were formed. The region between the ohmic contacts was split into conductive and 

nonconductive areas using a typical ion implantation isolation procedure or oxygen plasma treatment 

technique. The fabricated multi-finger distribution channel devices showed a drop in channel temperature 

by at least 20°C [183] [184] [185], see Figure 6.5. 

Diamond heat spreader: A GaN-on-Si device with a diamond heat spreader was proposed, analysed, and 

compared to standard GaN-on-Si and -SiC devices. Simulation results show improvements in gm and fT by 

14% and 17%, respectively, with respect to the conventional GaN-on-Si [186] [187]. The diamond heat 

spreader approach is illustrated in Figure 6.6. 

Inactive zones throughout the gate width to
minimize the device's temperature by distributing
the device's generated heat.

Figure 6.5: Distributed gates design [172]. 

Figure 6.6: Diamond heat extractor using liquid cooling [174]. 
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Copper filled micro-trench: The author [188] described a micro-trench structure that was fabricated on a 

silicon substrate for an AlGaN/GaN high electron mobility transistor (HEMT) via deep reactive ion etching 

and thereafter filled with high thermal conductivity material copper through electroplating. Due to 

efficient heat dissipation, the saturation drain current was increased by around 17%. Figure 6.7 shows 

backside silicon etched with micro-trench with copper. 

6.4 Proposed thermally efficient GaN-on-SiC HEMT device 

Here, we propose a low thermal resistance path that connects directly to the high thermal conductivity 

SiC substrate and is only a few microns away from the 2DEG channel (heat source) as a method to remove 

heat that has been generated in the device. Figure 6.8 illustrates a schematic cross-section of the proposed 

device structure, while Figure 6.9 shows 3D illustration of GaN-based HEMT structure with bond-pads on 

SiC substrate. Figure 6.10 shows the top view of the new RF device layout. We will remove all nitride 

Figure 6.8: Layout of the new device with bond pads as heat sink. 

Figure 6.7:Backside Silicon etched and filling micro-trench with copper electroplating [175]. 
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material surrounding the active device region, allowing the device electrodes to sit on the SiC substrate 

and function as heat sinks.  

Figure 6.10: Cross-section of a GaN-based HEMT structure with bond-pads on SiC substrate. 

Figure 6.9: 3D- illustration GaN-based HEMT structure with bond-pads on SiC substrate as heat sinks. 
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6.4.1 Experimental results 

The proposed technique makes use of a deep mesa-etch up to the SiC substrate layer by using the BCl3/Cl2 

dry etch gases. In this section, we provide specifics on device processing methods and electrical properties 

of the devices. The buffer-free SweGaN wafer with a total epitaxial layer thickness of only 326 nm was 

utilised in this study. 

The fabrication process is illustrated in Figure 6.11. It began with mesa isolation, the dry etching a depth 

of 326 nm of the nitride layers up to the SiC substrate. This was done using inductively coupled plasma 

(ICP180) with BCl3/Cl2 gases at 5/10 sccm, RF/DC power of 25/250 W, pressure of 20 mTorr, which resulted 

in an etch rate of 7.5 nm/min. This was followed by the evaporation of Ti/Al/Mo/Au (15/60/35/50nm) 
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Figure 6.11: Schematic views of the process flow for mesa etch up to substrate fabrication in AlGaN/GaN HEMT 
device processing steps (a) Clean wafer (b) Photo-lithography to expose deep mesa-etch pattern using BCl3/Cl2 
plasma (c) Removal of photoresist and cleaning after 326nm nitride mesa deep etching  (d) Deposition of 
Ti/Al/Mo/Au metal stack Ohmic contacts (e) Ni/Au based gate metallization (f) Bond pads contacts – showing 
how the bond pad contact will be acting  as a heat sink for the device (g) Device passivation using deposition of 
100nm Si3N4. 
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metal stack to form the Ohmic metal contacts, followed by a lifted off process, then rapid thermal 

annealing procedure at 800 °C for 30 seconds. Thereafter, the gate metal contacts were formed by 

evaporation of Ni/Au (20/200 nm) and followed by the evaporation of bond pad metal contacts Ti/Au 

(20/400 nm). For final surface passivation, a Si3N4 coating of 100 nm deposited by plasma-enhanced 

chemical vapour deposition (PECVD) at 300 °C was done. Lastly, to allow probing access for device 

measurements, the Si3N4 layer in the Ohmic and gate areas was etched using reactive ion etching (RIE 80+) 

tool using SF6/N2 gases with RF power 50 W and pressure 100 mTorr. The etch rate was 25nm/min. 

Photolithography was used to define all fabrication processes. Figure 6.12 is a profile measurement using 

Dektak after the mesa-isolation step and shows a ~341nm mesa etch depth up to the substrate. All the 

nitride layers were completely etched using the BCl3/Cl2 gases (device 2). Standard devices in which the 

mesa depth is only 100 nm (device 1) were also fabricated for comparison. 

 

 

 

Figure 6.12: The etch depth of 341nm nitride material around the active device area using the the BCl3/Cl2 
gases using the DektakXT tool. 
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The fabricated devices were 2-finger HEMTs with a gate length, LG = 2 µm, gate-to-source distance, 

LGS = 2 µm, gate-to-drain distance, LGD = 3 µm, and gate widths of 2 × 50 µm. Ohmic contact resistances 

were extracted from circular transmission line model (CTLM) measurements to be 0.63 Ω·mm and 0.65 

Ω.mm for devices 1 and 2, respectively. The fabricated devices standard (200 nm) mesa etch and deep 

(326 nm) up to substrate mesa etch, and SEM image of device 2 are shown in Figure 6.13.  

 

DC-IV measurements were done using the Keysight B1500A Semiconductor Device Analyzer at room 

temperature on 2 × 50 µm wide devices. The output characteristics are shown in Figure 6.14. The 

maximum saturated output currents for devices 1 and 2 were 0.46 A/mm and 0.24 A/mm, respectively. 

Device 2 showed just 50% of current compared to device 1 at Vgs = 0V. It is unclear why this is so. 
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Figure 6.13: Epitaxial wafer structure of fabricated AlGaN/GaN heterostructure devices (a) Standard mesa HEMT 
and (b) Deep mesa etch upto substrate HEMT (c) SEM image of deep etched showing Ohmic metals, GaN 

epilayer and SiC substrate. 

Figure 6.14: The IDS-VDS characteristics of 2 × 50 μm wide devices at VGS = 0V to -5V and VDS up to 15V on device 1 
(left side in blue colour) and device 2 (right side in green colour). 
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Figure 6.15 shows the output characteristics of the devices to VDS = 40 V. The saturated output currents 

at VGS = 0 V for devices 0.42 A/mm and 0.24 A/mm which corresponds to dissipated DC powers levels of 

16.8 W/mm and 8.8 W at 40 V drain voltage, on device 1 and device 2, respectively. 

More research is needed to determine why the current drops for device 2 (mesa isolation up to the 

substrate). We checked whether the SiC substrate was conducting or not after removal of nitride material 

surrounding the active device region. However, the results of the measurement revealed that the SiC 

substrate is not conducting. We also annealed device 2 at 400°C for 10 minutes in a N2 atmosphere to 

mitigate against the damage during mesa etching. Figure 6.16 shows the IV characteristics of 2 × 50 µm 

wide device after annealing. The devices demonstrated excellent transistor IV characteristics and no sign 

of heating effect at increased drain bias voltage. However, the maximum output current was reduced to 

50 mA/mm at VGS = 0 V. The maximum output current of the device was reduced almost 2 times from the 
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Figure 6.15: The IDS-VDS characteristics of 2 × 50 μm wide devices at VGS = 0V to -5V and VDS up to 40V on device 1 
(left side in blue colour) and device 2 (right side in green colour). 
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standard devices. The reason for this was not clear, but we suspected that it may be due to leakage 

currents. Leakage currents are currents that flow through the device even when there is no applied voltage 

[189]. These currents can be caused by defects in the semiconductor material or by the ohmic contacts. 

We investigated the possibility of leakage currents by measuring the current-voltage characteristics of the 

device. We found that the leakage currents were indeed increased in the device with the reduced 

maximum output current [190]. This confirmed our suspicion that the reduced maximum output current 

was due to leakage currents and so investigated a fully passivated mesa structure which is described next. 

Extending the metallization in bondpad to the level of the substrate can improve the performance of mm-

wave circuits by reducing the parasitic inductance of the bondpad. The parasitic inductance is caused by 

the capacitance between the bondpad and the substrate. When the metallization is extended to the level 

of the substrate, the capacitance is reduced, which in turn reduces the parasitic inductance. This can lead 

to improved signal integrity and reduced signal loss at mm-wave frequencies [191]. 

The parasitic inductance of a bondpad is caused by the capacitance between the bondpad and the 

substrate. The capacitance is proportional to the area of the bondpad and the distance between the 

bondpad and the substrate. When the metallization is extended to the level of the substrate, the area of 

the bondpad is increased, which reduces the capacitance. The distance between the bondpad and the 

substrate is also reduced, which further reduces the capacitance. The reduction in parasitic inductance 

can lead to improved signal integrity and reduced signal loss at mm-wave frequencies. This is because the 

parasitic inductance limits the bandwidth of the circuit and causes signal attenuation. By reducing the 

parasitic inductance, the bandwidth of the circuit can be increased, and the signal attenuation can be 

reduced [192]. 

In addition to reducing parasitic inductance, extending the metallization in bondpad can also improve the 

heat dissipation from the circuit. This is because the extended metallization provides a larger surface area 

for heat dissipation. This can be important for mm-wave circuits, which can generate a lot of heat. Overall, 

extending the metallization in bondpad can be a beneficial technique for improving the performance of 

mm-wave circuits. 
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6.4.2 Mesa-passivated thermally-efficient GaN MIS-HEMTs 

In this experiment, we fabricated mesa-passivated metal-insulator-semiconductor (MIS)-HEMT devices, 

in which all the nitride material around the active devices is removed and the transistor electrodes are 

deposited on the SiC substrate. Si3N4 dielectric was also used to protect the mesa side wall of the device 

after the mesa isolation to the substrate. The fabrication process for MIS-HEMT is illustrated in Figure 

6.17. 

The proposed technique makes use of a deep mesa-etch up to the SiC substrate layer by using the BCl3/Cl2 

dry etch gases, followed by the deposition of 10 nm of Si3N4 using PECVD at 300 °C.  The buffer-free GaN 

wafer was utilised in this study. Figure 6.18 MIS-HEMT device alongside a standard (200 nm mesa etch) 

HEMT for comparison, and top view of SEM image of 200 µm device. 
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Figure 6.17: Schematic views of the process flow for mesa etch up to substrate fabrication in AlGaN/GaN MIS-
HEMT device processing steps (a) Clean wafer (b) Photo-lithography to expose deep mesa-etch pattern using 
BCl3/Cl2 plasma (c) Removal of photoresist and cleaning after 326nm nitride mesa deep etching  (d) Deposition 
of Ti/Al/Mo/Au metal stack Ohmic contacts (e) Deposition of 10nm Si3N4 dielectric layer to protect mesa 
sidewall – this step is omitted for the HEMT device (f) Ni/Au based gate metallization (g) Bond pads contacts 
– showing how the bond pad contact will be acting  as a heat sink for the device (h) Device passivation using 
deposition of 100nm Si3N4. 
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The fabrication of the device began with mesa isolation, dry etching a depth of 326 nm of the nitride layers 

up to the SiC substrate. This was done using inductively coupled plasma (ICP180) with BCl3/Cl2 gases at 

5/10 sccm, RF/DC power of 25/250 W, pressure of 20 mTorr, which resulted in an etch rate of 7.5 nm/min. 

Then, evaporation of Ti/Al/Mo/Au (15/60/35/50nm) to form the Ohmic metal contacts, followed by a lifted 

off process, then rapid thermal annealing procedure at 800 °C for 30 seconds. As the gate dielectric and 

to passivate the mesa side walls, a blanket deposition of a thin layer of Si3N4 measuring 10 nm was carried 

out using plasma-enhanced chemical vapour deposition (PECVD) at 300 °C. Then gate metal contacts were 

formed by evaporation of Ni/Au (20/200 nm). To deposit the bond pads metals on SIC substrate, the 10nm 

Si3N4 layer was etched from the bond pad regions using reactive ion etching (RIE 80+) tool using SF6/N2 

gases, followed by the evaporation of bond pad metal contacts Ti/Au (20/400 nm). For final surface 

passivation, a Si3N4 coating of 100 nm deposited by plasma-enhanced chemical vapour deposition (PECVD) 

at 300 °C. Lastly, to allow probing access for device measurements, the Si3N4 layer in the Ohmic and gate 

areas was etched using reactive ion etching (RIE 80+) tool using SF6/N2 gases with RF power 50 W and 

pressure 100 mTorr. The etch rate was 25nm/min. Photolithography was used to define all fabrication 

process steps. 

Using the Keysight B1500A Semiconductor Device Analyzer and E8361A PNA Network Analyzer for 

measurements of DC and RF were performed at room temperature, respectively. The gate length, 

LG = 2 µm, gate-to-source distance, LGS = 2 µm, gate-to-drain distance, LGD = 3 µm, and gate widths of 

2 × 200 µm are the device dimensions employed in this study. 

SiC Substrate

GaN channel (250nm)

AlGaN Barrier (14nm 30% Al)

GaN Cap (2nm)

AlN Nucleation (60nm)

Source DrainGate

10nm Si3N4 gate dielectric

100nm Si3N4 device passivation

(b)SiC Substrate

GaN channel (250nm)

AlGaN Barrier (14nm 30% Al)

GaN Cap (2nm)

AlN Nucleation (60nm)

Source DrainGate

100nm Si3N4 device passivation

(a)

Source

Source

DrainGate

(c)

MIS-HEMTHEMT Top-view of SEM image 

Figure 6.18: Epitaxial wafer structure of fabricated AlGaN/GaN heterostructure devices (a) HEMT and (b) MIS-
HEMT with 10nm Si3N4 (c) Micrograph of fabricated 200µm wide device. 
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In both samples, circular transmission line model (CTLM) test structures were used to analyse the contact 

resistance, RC, and the values were 0.65 Ω.mm and 0.59 Ω.mm, respectively. Figure 6.19 depicts the output 

current-voltage (I-V) characteristics of both the fabricated devices. At VGS = 1, the Schottky-gate device's 

maximum drain current is 460 mA/mm, while the MIS-HEMT devices maximum drain currents are 728 

mA/mm. The transistor's on- resistance decreases to 6.67 Ω.mm compared to 11.55 Ω.mm measured for 

the HEMT. Further, the HEMTs and MIS-HEMTs were completely pinch-off at a gate voltage of -2.6V and 

- 6.5V, respectively.  

 

 

Figure 6.20 shows IV characteristics to VDS = 40 V. Self-heating effect is evident in both the HEMT and MIS-

HEMT devices, with 20.5% and 18.9% drop in the maximum drain current drop observed at higher VDS 

drain voltage, respectively. 
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Figure 6.19: The IDS-VDS characteristics of 2 × 200 μm wide devices at VGS = 1V to -8V of AlGaN/GaN HEMT and 
Si3N4 MIS-HEMT. 
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These results show that the MIS-HEMTs can handle higher current compared to HEMTs. The drain current 

is also larger for MIS-HEMT at the same gate bias. As a result of this distinction, the channel depletion in 

a MIS-HEMT is less than that in a HEMT for a same gate voltage. The measured threshold voltage, VTH, of 

– 2.6 V and – 6.5 V (extracted value of gate-to-source voltage, VGS at IDS = 1 mA/mm) were obtained for 

HEMT and MIS-HEMT devices as shown in Figure 6.21. The presence of an additional thin 10nm of Si3N4 

layer in MIS-HEMTs results in a slight transconductance increase from 104.28 to 118.64 mS/mm in MIS-

HEMTs compared to HEMTs, which is consistent with a further separation between the control gate and 

the 2-DEG channel. Moreover, the improvement in gm, maximum of MIS- HEMT is 12.2 % in comparison to 

that of HEMT because of the higher drain currents.  
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Figure 6.20: The IDS-VDS characteristics of 2 x 200 μm wide devices at VGS = 1V to -8V and VDS up to 40V of 
AlGaN/GaN HEMT and Si3N4 MIS-HEMT. 
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In Figure 6.22, a comparison of the gate leakage performance of devices with the same dimensions is 

shown. The leakage current of MIS-HEMTs is found to be significantly lower than that of Schottky gate 

HEMT. Nearly 10 orders of magnitude less gate leakage current density exists in MIS-HEMT than in HEMT. 

This is attributed to the large band offsets in the Si3N4/HEMT and the high quality of both the PECVD Si3N4 

dielectric and the Si3N4/HEMT interface as well as the additional 100nm Si3N4 passivation layer for the low 
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Figure 6.22: Measured gate leakage currents for the AlGaN/GaN HEMT and Si3N4 MIS-HEMT with same 
device dimensions. 
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Figure 6.21: Measured transfer characteristics of HEMT and MIS-HEMT devices biased at VDS = 7 V. 
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gate leakage current. These results show that the Si3N4 dielectric thin film can act as an efficient gate 

insulator. 

The Si3N4 MIS-HEMT and HEMT's off-state three-terminal drain-source breakdown characteristics were 

tested and the results are shown in Figure 6.23. The devices were biased in off-state with a gate voltage 

VGS of - 10V. The breakdown voltage VBR, which corresponds to the rapidly increasing currents caused by 

avalanche breakdown, is the drain voltage at a gate current of 1 mA/mm. The Si3N4 MIS-HEMT has a higher 

breakdown voltage than the conventional HEMT. The high breakdown voltage is related to the use of the 

Si3N4 gate dielectric to reduce leakage current. 

Using a vector network analyzer (VNA), the device's scattering or S-parameters were measured. S-

parameters measure the transmission and reflection of a travelling wave and may be used to define two 

port networks, such as transistors or transistor amplifiers. The current gain cut-off frequency fT may be 

calculated by converting measured S-parameters to hybrid parameters (h-parameters). The current gain is 

represented by the forward-transmission hybrid or h-parameter h21.  Mason's unilateral power gain, U = 

1, is used to determine the maximum oscillation frequency, fMAX. The details of transistor cut-off 

frequencies in chapter 2 section 2.7. For both HEMT and MIS-HEMT devices biased at VGS =  -2.6 V and -5 

V, which correspond to peak transconductance, respectively, S- parameter measurements were made. 

Figure 6.24. displays the RF performance of the HEMT and MIS-HEMTs from the small signal 

measurements (S-parameters). The maximum measured cut-off frequency, fT, and the highest oscillation 

frequency, fMAX, for the HEMT device were VDS = 15 V at 4.7 GHz and 9.4 GHz, respectively. In MIS-HEMT, it 

was found that a two-finger, 2 × 200 µm device biased at VDS = 15 V had maximum cut-off and oscillation 

frequencies of 6.3 GHz and 15.8 GHz, respectively. The bond pads' parasitic effects were not de-embedded. 

Table 6-1 provides maximum oscillation frequencies (fmax) and extrapolated cutoff frequencies (fT). 
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Figure 6.23 Measured off-state breakdown voltage of HEMT and MIS-HEMT devices biased at VGS = - 10 V. 
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Table 6-1: Extrapolated fT and fMAX values from S-parameter measurements of HEMT and MIS-HEMT devices at 
VDS=15V 

 

 

 

 

 

 

 

Wafer Device size FT (GHz) Fmax (GHz) 

VDS = 15V VDS = 15V 

HEMT 2×200 µm 4.7 9.4 

MIS-HEMT 2×200 µm 6.33 15.68 

Figure 6.24: Measured H21 and Maximum signal gain for 2x200µm device sizes for HEMT and MIS-HEMT devices. 
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6.5 Conclusion 

A new method for extracting heat in GaN-on-SiC HEMT devices was proposed and demonstrated. The 

method involves removing nitride materials from around the active part of the device and replacing this 

with metal electrodes to dissipate/route the heat to the SiC substrate, resulting in less self-heating and 

better current density. The approach exploits the thin epitaxial stack for the buffer-free device structure. 

Overall, this new buffer-free epitaxial approach has great potential for producing high performance GaN 

HEMTs for high-power and high-frequency applications. 
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7 High Frequency GaN HEMT Devices 
7.1 Introduction 

The constant drive for higher power levels and high frequencies have seen major developments in GaN 

HEMT technology. HEMTs can be used in circuits that operate up to a quarter of the device unity power 

gain cut-off frequency, fMAX. The highest reported current gain cut-off frequency, fT, and fMAX for AlGaN/GaN 

HEMTs so far is 454/444 GHz [193], and so the technology can support circuit design up to over 100 GHz. 

One of the most efficient methods of how to achieve higher operating frequencies is to use T-shaped gate 

with small gate lengths, for example 100nm [194] because it allows to reduces the gate parasitic 

capacitance and also reduces the gate resistance to allow for higher frequency operation and output 

power. In this chapter the design and fabrication of T-shaped gates will be discussed. 

7.2  State of the art 

The outstanding material properties of nitride semiconductors in combination with novel fabrication 

technologies allow fast development in the high-frequency performance of GaN HEMTs. High-speed FETs 

need the precision of a vertical epitaxial scaling as well as lateral device scaling. The technology 

advancement on GaN HEMT devices is gate length scaling, regrown ohmic contacts, scaling GaN HEMT 

device geometry and epilayer structure for GaN device. The GaN HEMT T-gate technology has several 

advantages than the planar gate for achieving high frequency. The T-shaped gate geometry reduces the 

parasitic capacitance due to the narrow footprint and lower gate resistance due to the larger head allowing 

cut-off frequency above 300 GHz. Using regrown ohmic contacts and a self-aligned gate process, GaN 

HEMTs have reached the 𝑓𝑡 above 450 GHz [31]. 

The characteristics and performance of state-of-the-art performance of RF (W-band) GaN HEMT devices 

are shown in Table 7-1. It provides the recent research development in GaN-based HEMTs with ultrashort 

effective gate length (20-200 nm) for high frequency, high power RF applications from year 2010 to 2023. 

1) The best performance using AlN/GaN/AlGaN double heterojunction with regrown n+ GaN ohmic 

layer which is not alloyed and high electron density (𝑛𝑠)1.2 ×  1013𝑐𝑚−2 was achieved. They 

used ultra-thin barrier layer of AlN 3.5nm with highly scaled design structure, source to drain 

spacing was 100nm. The lowest contact resistance achieved (𝑅𝑐) is 0.26 Ωmm. They reduced gate 

capacitance to achieve the record a cut-off frequency 𝑓𝑡 of 454 GHz and an oscillation frequency 

𝑓𝑚𝑎𝑥 of 444 GHz with a gate length of 20nm and 50nm gate to source distance using the self-

aligned gate approach on SiC substrate [33]. 

 

2) The first time deeply scaled self-aligned gate method with heavily doped n+ GaN source to drain 

direct contacts with the 2DEG near the gate results improvement in DC and RF characteristics. 

The gate length was used 20nm, and source to drain distance is 100nm. The lowest 

𝑅𝑜𝑛(0.026Ωmm) resistance was achieved. Highest current density and transconductance (𝑔𝑚) 4 

A/mm and 2.25 S/mm was measured [31].  

 

3) By shrinking the gate length to 30nm InAlN/GaN HEMTs on a SiC substrate, a record ft at the time 

of 245 GHz was achieved by applying oxygen plasma treatment on InAlN, but the fmax of 13GHz 
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was poor because of high gate resistance of the rectangular gate [195]. In the same year, Lee et 

al improved the cut-off frequency 𝑓𝑡 by 300 GHz by applying the InGaN back barrier [196]. 

 

4) Y. Yue et al. demonstrated InAlN/AlN/GaN HEMT on SiC substrate without dielectric passivation. 

They used rectangular 30nm gate, and regrown ohmic contacts and achieved high ft of 370 GHz 

by minimizing parasitic effects [125]. 

 

5) Y. Yue et al pushed the cut-off frequency 𝑓𝑡  400 GHz by scaling gate length down to 30-nm 

rectangular gate. The epi-layer structure used InAlN/AlN/GaN/SiC HEMTs with a scaled source 

drain distance of 270 nm. However, the achieved 𝑓𝑚𝑎𝑥was only 33 GHz because of the very high 

gate resistance. They reduced total time delay by reducing the short channel effect by maintaining 

aspect ratio [197]. 

 

6) Ultra-thin InAlN/GaN devices were fabricated by scaling lateral dimensions to 600 nm between 

source to drain contacts. Heavily doped n+ GaN was regrown by MOCVD, and the Si doping 

concentration was 8 x 1019𝑐𝑚−3. Total resistance was calculated at 0.16 Ω.mm  has a 40-nm T-

gate. The device was passivated by the SiN with a thickness of 50 nm [198]. 

 

7) A record performance value of  𝑓𝑡 of 220 GHz, 𝑓𝑚𝑎𝑥 of 400 GHz was reported by Shinohara et al. 

The vertical scaling in AlN/GaN/AlGaN double heterojunction HEMT structure by thinning the top 

barrier minimized gate to channel distance. Reduction of access resistance was achieved using 

MBE regrown technology of n+ GaN Ohmic contacts, including 40-nm T-gate devices [199].  

 

8) The Lin et al reported values of  𝑓𝑡 of 183 GHz and 𝑓𝑚𝑎𝑥 of 191 GHz by employing damage-free 

NBE (neutral beam etch) for gate recess in which 15 nm barrier layer was etched from a total 

barrier thickness was 20nm and 60nm of gate. The Al2O3/AlGaN/GaN MOSHEMT device was 

fabricated using Al2O3 as a dielectric layer (4nm). The device demonstrated a maximum output 

power density of 2.7 W/mm [200]. 

 

9) M. Diego et al demonstrated GaN-on-Silicon GaN HEMTs using recess T-gate 75nm technology 

showing maximum transconductance of 540mS/mm and cut-off frequencies as high as 𝑓𝑡 /𝑓𝑚𝑎𝑥 

= 152/149 GHz. The spacing between source to drain was 1 µm and measured maximum output 

power of 2W/mm using load pull measurement at 40 GHz [201]. 

 

10) An optimized AlGaN/GaN HEMT using T-gate 90nm length with N2O plasma treatment in the gate 

region to form oxide layer which reduces the gate leakage current and improves breakdown 

voltage of 80V. The maximum drain current of 1200mA/mm and maximum transconductance of 

461mS/mm, the small signal measurement was 𝑓𝑡 /𝑓𝑚𝑎𝑥  = 98/332 GHz was achieved [202]. 
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11) The Mi et al proposed a 20 nm in-situ SiN layer formed by MOCVD on the top of 6 nm-thick AlGaN 

barrier. The in-suit SiN layer is thick enough and acts as a passivation layer to reduce current 

collapse. Fluorine based etching is used to self-terminate after removing SiN, leaving the AlGaN 

barrier in the gate region. The device showed a drain current of 1022 mA/mm, a peak 

transconductance of 459mS/mm, and an  𝑓𝑚𝑎𝑥 = 248 GHz by using the 100nm T-gate [203]. 

 

It is clear from the review that to enhance device performance, both in terms of raising the operating 

frequency and in terms of lowering the power wasted owing to the channel resistance, involves 

downscaling the gate length of GaN HEMTs and reducing the distance between the source and drain 

contacts. 𝐿𝑔 reduction affects the current gain cut-off frequency (fT) and the maximum power-gain cut-off 

frequency (fmax) in HEMTs built for microwave applications through the expressions:  

 

 𝑓𝑇 = 
𝑣𝑠𝑎𝑡
2𝜋𝐿𝑔

 =  
𝑔𝑚

2𝜋( 𝐶𝑔𝑑 + 𝐶𝑔𝑠)
 (7.1) 

 

 
𝑓𝑚𝑎𝑥 = 

𝑓𝑇

2√(𝑅𝑖 + 𝑅𝑠 + 𝑅𝑔) 𝑅𝑑𝑠⁄ + (2𝜋𝑓𝑇)𝑅𝑔𝐶𝑔𝑑  
 

(7.2) 

 

where 𝑣𝑠𝑎𝑡is the electron saturation velocity, 𝑔𝑚 is the transconductance. Gate-source capacitance (𝐶𝑔𝑠) 

and gate-drain capacitance ( 𝐶𝑔𝑑) reflect the charge in the depletion region beneath the gate towards the 

source and drain sides, respectively. The 𝑅𝑖, 𝑅𝑠, 𝑅𝑔 ,𝑅𝑑𝑠 are the gate charging, source, gate, and output 

resistances respectively [204].  For getting higher 𝑓𝑡 and so 𝑓𝑚𝑎𝑥 due to the relationship with the gate 

length 𝐿𝑔, for getting the higher frequency need to maintain the high aspect ratio between the gate length 

and the 2DEG channel distance. When the length of the gate is reduced to less than 100 nm, short channel 

effect (SCE) become evident. These effects reduce the potential barrier formed beneath the gate in the 

off-state when Vds is applied [205]. Typically, the energy barrier height reduction at the source side of the 

gate in a long-channel HEMT is negligible (Figure 7.1a), resulting in a small drain-source leakage current. 

Figure 7.1b demonstrates that when the gate length is sufficiently short, the voltage applied to the drain 

contact can affect the barrier height on the source side of the gate. In turn, thermal excitations allow 

electrons to overcome the energy barrier, resulting in an increase in drain-source leakage current. This 

manifests as a negative shift of threshold voltage Vth in the transfer characteristics of the device (Figure 

7.1c), which is known as Drain induced barrier lowering (DIBL). Due to SCEs, the inability of the gate to 

modulate the electron concentration channel reduces 𝑔𝑚, which in turn reduces fT and fmax (Equation 7.1 

and 7.2) [206]. In addition, as the Vds-dependence of Vth increases, 𝑅𝑑𝑠 decreases, resulting in a decrease 

in fmax. So, the short-channel effects can be reduced by having aspect ratios above 15 [207]. Reducing the 

gate length is an important parameter for increasing high-frequency performance; however, it is tougher 

to fabricate very-short gate length devices.   
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Figure 7.1: An illustration of the conduction band profile for (a) long-channel HEMT and (b) short-channel HEMT 
at two different drain biases at the AlGaN/GaN interface. (c) An illustration of the transfer properties for an 

AlGaN/GaN HEMT with Lg = 50 nm at various drain voltages [17]. 
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Table 7-1: Recent research progress in GaN-based HEMTs for high power high frequency RF applications 

𝑳𝒈 

(nm) 

𝑰𝒅 

(A/mm) 

𝒈𝒎 

(S/mm) 

𝑹𝒄 

(Ω.mm) 

𝑹𝒐𝒏 

(Ω.mm) 

𝑳𝒔𝒅 

(µm) 

𝒇𝒕 

(GHz) 

𝒇𝒎𝒂𝒙 

(GHz) 

𝑷𝒐𝒖𝒕 

(W/mm) 

Substrate References 

20         4 2.25 0.026 0.23 0.3 342 518 - SiC [31], 2012 

20 3 1.34 - 0.26 0.05 454 444 - SiC [33], 2015 

20 2 1  0.3 0.14 301 302 - SiC [208], 2013 

30 1.57 0.509 0.60 - 1.3 245 13 - SiC [195], 2011 

30 1.8 0.520 - 1.2 1 300 33 - SiC [196], 2011 

30 1.5 0.650 0.08 0.54 0.86 370 30 - SiC [125], 2012 

30 1.9 0.653 0.16 - 0.27 400 33 - SiC [197], 2013 

40 1.82 0.965 0.03 0.13 0.60 140 405 - SiC [198], 2018 

40 1.61 0.723 0.03 0.81 1 220 400 - SiC [199], 2010 

50 2.1 0.800 - 0.3 0.11 221 290 - SiC [209], 2017 

50 0.9 0.466 0.1 - 1.1 170 363 - SiC [71], 2020 

50 3.6 0.6 - 0.15 0.8 123 233 3 SiC [72], 2020 

50 1.6 0.415 0.43 - 1 125 270 - Si [210], 2021 

55 2.8 0.660 0.07 0.6 0.175 250 204 - Si [36], 2020 

60 2.1 0.800 - 0.3 0.11 210 55 - SiC [209], 2017 

60 1.65 0.653 - 1.29 1.8 183 191 2.7 SiC [199], 2017 

60 1.53 0.764 - 0.24 0.60 149 263 - SiC [211], 2016  

70 1.65 0.382 0.32 - 2 162 176 - SiC [212], 2011 

75 1.05 0.540 0.40 - 1 152 149 2 Si [201], 2016 

75 0.8 0.418 0.46 - 1 170 210 - SiC [213], 2013 

80 1.1 0.800 0.20 - 3 114 230 1.25 SiC [214], 2014 

80 - 0.388 0.14 0.9 2 176 70 - Si [215], 2015 

80 1.7 0.387 0.09 0.42 0.25 149 351 - SiC [216], 2012 
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90 1.25 0.345 0.32 1.4 2.3 113 160 4.18 SiC [217], 2017 

90 1.2 0.461 0.25 - 2.5 98 332 - SiC [202], 2018 

90 0.98 0.530 - 1 1 95 200 - SiC [218], 2018 

100 1.75 0.530 0.39 - 1 103 162 - Si [219], 2011 

100 1.65 0.800 0.20 - 3 80 200 - SiC [214], 2014 

100 1.13 0.550 0.12 - 1.5 115 150 - Si [220], 2013 

100 1.2 0.330 0.40 - - 87 112 - SiC [221], 2015 

100 1.02 0.459 0.40 - 2 90 248 - Sapphire [203], 2020 

100 0.80 0.24 0.65 4.7 1.5 87 143 - SiC This work  

150 1.4 0.439 0.3 - 2.4 104 205 5.1 Si [222], 2020 

160 1.19 0.354 0.62 - 2.8 79 113.8 - SiC [223], 2010 

160 2 0.606 0.4 - 1.3 85 103 - Si [224], 2011 

170 0.59 0.39 0.35  3.5 50 149 - SiC [225], 2016 

200 1.2 0.390 0.27 - 2.5 40 146 - SiC   [226], 2016 

200 1.096 0.415 0.6 - 3.6 69 110 - SiC   [227], 2017 

200 1.20 0.422 - - 2.4 81 194 5.1 SiC   [228], 2018 

200 0.908 0.210 0.4 3.6 5 55 - 4.58 SiC   [229], 2020 

200 0.882 0.217 0.43 - 3.8 38 135 4.6 SiC   [230], 2020 

200 0.78 0.18 0.65 4 1.5 69 121 - SiC This work 
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7.3 GaN HEMT devices with T-gates 

7.3.1 The importance and fabrication of T-gates 

The smaller gate length that has to be designed for AlGaN/ GaN HEMT depends on the epitaxial layer 

structure. An aspect ratio (Lg/d- gate length/ distance to the channel) above 15 is necessary to avoid 

short channel effects which occur when the channel length is the same order of magnitude as the 

depletion layer widths of the source and drain junction. Two physical phenomena are attributed to 

short channel effects. Firstly, the modification of the threshold voltage due to shorter channel length 

and secondly the limitation on electron drift characteristics in the channel. 

Short channel effects can be distinguished into 5 separate effects: surface scattering  as the length of 

the channel becomes shorter the lateral electric field of drain-source voltage becomes stronger, to 

compensate this electric field induced by the gate voltage increases proportionally attracting the 

electrons to surface  [231] , hot carrier injection, (shorted depletion regions have shorter distance 

between different potential leading to higher electric field, giving electrons high energy and they get 

trapped within the device) [232],  velocity saturation is above the critical electric field at which the 

electron speed saturates [233], drain induced barrier lowering (DIBL) can be caused by a high leakage 

current through the buffer underneath the depleted gate region (punch-through) rather than at the 

AlGaN/GaN interface. Therefore, it is crucial to raise the buffer layer's resistivity such that the electron 

distribution is confined to a small area at the III-nitride interface. Another strategy is to add a back-

barrier with a wider bandgap (such as AlGaN) to the quantum well to increase electron confinement. 

Improved gate control made possible by high electron confinement substantially lowers DIBL 

[234][235]. High Al concentration AlGaN barriers, AlN spacer layers, AlN barriers and/or gate recess 

can be used to minimise the distance from the gate to channel allowing one to use smaller gate lengths 

or thinner barrier layer. These strategies can be combined with use of a T-gate geometry to increase 

the device fT and fMAX for a certain epilayer structure since it reduces the gate resistance by having a 

smaller gate-length while keeping the total cross-sectional area large. Moreover, shorter gate lengths 

result in lower intrinsic gate capacitances (capacitance between the bottom of the gate and the 

channel). However, the gate head then adds extrinsic capacitances, namely: 

➢ Parallel plate capacitance between the T-gate and surrounding electrodes. 

➢ Fringing capacitance between the gate stem and the access regions. 

As the gate length for T-gate structure reduces parasitic components of the capacitance become 

relatively high and become dominant for the gate capacitance [236]. The head of the T-gate also acts 

as a field plate above the channel on the drain side reducing the peak electric field within the device. 

The source/drain contact resistance, which often makes up the majority of the device's extrinsic 

resistance, can be reduced to further boost performance. Hence, it is necessary to lower the contact 

resistance from 0.6 Ω.mm to less than 0.1 Ω.mm in order to minimize this loss. 

In order to achieve smooth edge roughness and, thus, to permit the further decrease of source-drain 

distance for high frequency operations, low-temperature annealing temperatures (600°C) are also 

necessary. For instance, despite the extra expense and challenging fabrication procedure, regrown 

Ohmics, or recess ohmic connections must be included into the current MMIC manufacturing method.  

Additional parasitic capacitances between the gate-source pads and gate-drain pads should be taken 

into consideration because lateral source-drain scaling is preferred to suppress drain delay and velocity 
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enhancements at frequencies above W-band. By making the T-gate foot (Hg) taller and employing air 

as a dielectric to provide minimal parasitic capacitances, parasitic capacitances can be avoided. 

Figure 7.2 shows a schematic cross-sectional view of the T-gate technique and an overview of the 

device and associated parasitic capacitance. 

In this project we developed a novel recipe for T-gate fabrication. The details of the T-gate development 

process described in Chapter 3. Electron beam lithography was used to define T-gate structures in a 

single lithography step. T- gates were fabricated using a metal lift-off process having multiple layers of 

PMMA, LOR 3A and CSAR e-beam resists as shown in Figure 7.3. The key to obtain 3D gate features is 

to apply different beam energies to the gate head and gate foot during e-beam exposure. The resist 

layer stack consisted of 100 nm thick 2041 series PMMA, followed by 300 nm thick LOR 3A followed 

by 200 nm thick CSAR resist followed by 10 nm Al layer. As mentioned before, series 2010 PMMA has 

lower molecular weight and therefore it develops slightly faster than CSAR. The LOR3A layer between 

the two layers of PMMA and CSAR was used as a development stop layer for the gate head and the 

top Al layer was used as a discharge layer for the e-beam exposure to avoid charging effects on the 

sample during the exposure process [105]. 

AlGaN

a) Development b) Metallization c) Lift-off  

PMMA PMMA

LOR3A LOR3A

CSAR CSAR

PMMA PMMA

LOR3A LOR3A

CSAR CSAR

Metal

Al

Lift-off

GaN

SiC

AlGaN

GaN

SiC

AlGaN

GaN

SiC

Figure 7.3: T-gates were fabricated using metal lift-off process using multiple layers. 

SiN

GaN Epilayers

Drain Source

Gate

Hg

SiC substrate 

Lg
Chead

CcontactCcontact

2DEG

Figure 7.2: Cross-sectional view of T-shaped gate module and associated parasitic capacitance. 
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The T-gate fabrication process was incorporated into the device flow used in previous fabrications (full 

fabrication details can be found in the Appendix A) on a wafer with the epitaxial structure shown in 

Fig. 7.4. Two finger devices with a gate pitch of 15 µm and different geometry T-gates were successfully 

fabricated: 100 nm and 200 nm symmetric T-gate devices. Close-up SEM images of fabricated T-gates 

are shown in Fig. 7.5 for a 100nm gate with a gate head of 500 nm and a 200 nm gate with a gate head 

of 500 nm.  

 

   

 
 

 

 

 

 

 

a)                                                         b)                                                c) 

SiC Substrate

60nm AlN Back barrier 

250nm GaN Layer

14nm AlGaN Barrier Al=30 %

2nm GaN Cap layer

Drain

Gate

Source

Figure 7.5: SEM images of a fabricated T-gates a) 100nm T-gate b) gates between Ohmic metals & c) 200nm 
T-gate. 

Figure 7.4: Illustration of the epitaxial structure used for T-gate device fabrication. 
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The T-gate device geometry of 100nm and 200nm as shown in fig. 7.6.  

Two 2×25 µm devices with T-gates of gate lengths of 100 nm and 200nm were fabricated at the same 

time on the GaN-on-SiC wafer grown by hot-wall MOCVD described in chapter 5 following the 

fabrication steps described in Appendix A. A shallow 200 nm deep mesa for device isolation was used. 

Both devices were passivated with 100 nm thick ICP SiNx film. Ohmic contact resistances extracted 

from TLM measurements were found to be 0.65 Ω·mm. Device output characteristics were measured 

on both T-gate devices and are shown Fig.7.7. Both devices exhibit quite high peak currents of 

805mA/mm and 785 mA/mm. We attribute this to the low thermal boundary resistance on this wafer.  

Transconductance and tranfer characteristics of both devices are shown in Fig.7.8. Here, we can see 

that both devices exhibit similar peak tranconductance values of 246 mS/mm and 181 mS/mm at 

VD = 9 V for devices with gatelegths of 100 nm and 200 nm, respectively. The threshold voltage VTH of 

both the devices  found to be -2.4 V.  

Figure 7.6:T-gate device geometries for a) Device A with 100 nm gate and b) Device B 200 nm gate length. 

Figure 7.7: DC-IV measurements of 100nm T-gate device and 200 nm T-gate device. 
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Gate leakage currents of both devices were also measured and are shown in Fig. 7.9. Both devices 

exhibit gate leakage currents in the order of 100 µA/mm which is quite high. The higher gate leakage 

current for devices  is attributed to the thinner barrier layer and higher current density in the channel. 

Other than gate leakage currents, all other measured device parameters are better on this GaN buffer 

free wafer, so it is concluded that the hot-wall MOCVD growth process is beneficial for improving the 

device performance. Leakage currents could be reduced by post gate annealing [237], using Pt based 

gates [238] or employing gate dielectric [239]. 

 

The off-state three-terminal drain-source breakdown characteristics were tested, and the results are 

shown in Figure 7.10. The devices were biased with a gate voltage VGS of - 12V. The breakdown voltage, 

VBR, which corresponds to the rapidly increasing currents caused by avalanche breakdown, is the drain 

voltage at a gate current of 1 mA/mm. The measured critical field breakdown voltage of the 0.1 and 

0.2 µm T-gate HEMT devices are 0.31 MV/cm and 0.34 MV/cm, respectively. Due to the limited 

dimensions of the gate length and the gate-to-drain spacing, the linear relationship between the 

breakdown voltage and the gate length indicates that the breakdown occurred horizontally. 

Figure 7.8: Measured a) transconductance and transfer characteristics of 100 nm and 200 nm T-gate devices 
at VD = 9V. 

Figure 7.9: Gate leakage currents of 100 and 200 nm T-gate devices at VD = 0V. 
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7.3.2 RF measurements 

 

The maximum gain a transistor is capable of delivering at certain drain voltage is at the peak 

of transconductance for each drain voltage. S-parameters for fabricated devices were measured 

at VD = 10 V and VG = -1.4 V and calculated the values for maximum small signal gain U and 

hybrid parameter h21 at each frequency. Fig.7.11 shows the current gain, h21, Mason’s 

unilateral power gain, U, and extrapolated fT and fMAX for both devices. fT and fMAX are found 

to be 87/143 GHz and 69/121 GHz for 100 nm and 200 nm gatelength devices, respectively. 

200 nm T-gate device exhibits lower gain and cut-off frequency which is attributed to larger 

source-drain separation. 

 

Due to the more evenly distributed electric field devices, T-gate structures were expected to have 

highet fT and fMAX than standard gate devices structures. Comparison of cut-off frequencies of 2 finger 

Figure 7.11: Masons unilateral power gain U, current gain H21 and extrapolated fT and fMAX for 100 nm T-gate 

device and 200 nm T-gate device. 
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Figure 7.10: Measured lateral off-state breakdown voltage of 100 nm and 200 nm devices biased at VGS = - 
12 V. 
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devices (pad parasitics included) with different gateleghts for both standard and T-gate geometries 

fabricated during this project is given in Fig. 7.12. Here, one can see a clear trend of an exponential 

increase in fT with reducing gate length. The fabricated T-gate structures follow this trend but do not 

exhibit cut-off frequencies above the trendline. 

 

  

7.4 Summary 

In this chapter, the design, fabrication and characterisation of devices with 100 nm and 200 nm T-gate 

structures was described and discussed. The main benefit of using T-gate structures is the more 

uniform electric field compared to standard gate structure. It is concluded that T- gate with larger gate 

head and small gate length leads to higher gain. However, the fabricated devices exhibit high leakage 

currents which led to similar cut-off frequencies achievable with a standard gate structure. Reducing 

the leakage currents would provide even higher cut-off frequencies and achieve the full benefits of 

employing a T-gate structure. 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

140

160

0 0.5 1 1.5 2 2.5

Ft fmaxFr
eq

ue
nc

y 
(G

Hz
)

Gate length (µm)

T-gate devices

Figure 7.12:Cut-off frequencies of devices fabricated during this project with standard and T-gate 
geometries. 



121 
 

 

 

 

 

 

 

 

 

Chapter 8  

Conclusion and future work 

 

 

 

 

 

 

 

 

 

 



122 
 

8 Conclusions and Future work 

GaN HEMTs are extremely promising for future RF and power applications because of their exceptional 

features, such as high 2DEG sheet carrier density, mobility, and high breakdown fields. Three important 

areas of AlGaN/GaN technology have benefited from the work done in this project: improved Ohmic 

contacts, greater understanding of buffer free devices, thermal management for the devices, and T-

gate technology for high frequency devices. This chapter provides a summary of the major 

accomplishments and the prospects for the future. 

8.1 Conclusion 

8.1.1 Ohmic contacts to AlGaN/GaN HEMTs 
A new method for reducing contact resistance in AlGaN/GaN HEMTs has been presented in this thesis. 

We found that the uneven AlGaN layer thickness underneath the Ohmic metal contacts is responsible 

for reducing the Ohmic contact resistance. The formation of sidewall area on AlGaN surface during the 

patterned etching process provides better contact of Ohmic metal resulting in more tunnelling current 

between the Ohmic metal and AlGaN barrier thus reducing the contact resistance. Experiments 

showed that this technology works and is repeatable. The lowest contact resistance of 0.32 Ω.mm was 

observed for a deep (30 nm) horizontal patterned structure. The fabricated device with this structure 

also demonstrated the highest maximum saturation drain current of 1285 mA/mm, maximum 

transconductance of 296 mS/mm and gate leakage current of 1.5μA/mm which is better compared to 

other fabricated devices. This new approach offers a promising future technique for low resistance 

contact formation on AlGaN/GaN HEMTs. Figure 8.1 depicts the cross-sectional schematic of horizontal 

pattern etch on Ohmic region in SiC substrate. 

8.1.2 Thermal management on AlGaN/GaN HEMTs 
 

A novel approach to thermal management of GaN based devices was demonstrated. The method relies 

on the use of dry etching methods to remove the inactive GaN epi-layers around the device active area 

from the top side. The heat created at the 2DEG channel may be efficiently transferred to the SiC 

substrate by bond pads (Ti/Au) high thermally conductive metal. This allows device to operate at higher 

power densities and also reduces cooling requirements. The approach exploits the thin epitaxial stack 

(a) (b)

SiC substrate

GaN

AlGaN

Ohmic 
metals

Ohmic 
metals

Gate 
metal

2DEG

Figure 8.1: Cross-sectional schematic of horizontal patterned Ohmic HEMTs on SiC substrate. 
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for the buffer-free device structure. The MIS-HEMT device made using this approach the side walls of 

mesa etch was covered with thin layer of Silicon Nitride which improved the leakage current and 

current density. Overall, this new buffer-free epitaxial approach has great potential for producing high 

performance GaN HEMTs for high-power and high-frequency applications. 

8.1.3 T-Gate fabrication 
 

In general, the RF performance of a high-speed device, such as a HEMT, is closely related to the quality 

of the substrate material, the device layer structure, the electronic property of the conducting channel 

and the effective channel length related to the foot-width of the T shape gate, the Ohmic contact 

resistance of the source and the drain contacts, and the device structure layout, such as the source-

drain distance, and so on. Among all these considerations, nanoscale T shape gates play a critical role 

in setting a HEMT's current cut-off frequency (fT). Decreasing the T shape gate's foot-width raises the 

operating frequency fT [240]. Generally speaking, designing robust T-gate shaped structures is still 

challenging. T-shape gate fabrication consists of two major processes. The first is to use lithography 

to create T-shape profiles in resists, and the second is to use metallization and lift off to transfer the 

resist pattern into metallic gates. We developed and demonstrated the new fabrication process of 

sub-100nm T-gate structures using a single electron beam lithography exposure and a tri-layer resist 

stack - PMMA/LOR/CSAR Figure 8.2 shows the T-gate process developed using 3-layer resist process.  

 

8.2 Future work 

8.2.1 Proposed GaN/diamond-on-SiC 

 GaN-on-Diamond devices have already demonstrated three times greater power densities than GaN-

on-SiC devices [241]. This is due to diamond's greater heat conductivity when compared to SiC [242]. 

However, because to the lattice mismatch between diamonds and III-Nitride materials, developing 

good quality GaN-on-diamonds is problematic. As a result, filling the diamond around the active area 

Figure 8.2: SEM micrographs of different gate length of fabricated gates. 
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processing on GaN-on-SiC technology is proposed to combine the moderate-cost advantage of GaN-

on-SiC with the high heat conductivity of diamond. Figure 8.3 shows proposed GaN on SiC with 

integrated diamond model. 

 

8.2.2 Proposed buffer-free AlN/GaN HEMT structure 

Ultrashort gate lengths (≤ 100 nm) are necessary to increase the speed (cut-off frequency) of GaN-on-

SiC devices, as shown in Table 7.1. A high aspect ratio and 2DEG density may be achieved by using an 

ultrathin AlN barrier (≤ 5 nm) in place of AlGaN [72]. Figure 8.4 depicts a novel material structure. 

According to the study [243], the innovative idea of employing a total GaN layer thickness of 250 nm 

without a buffer layer.  Device results in this thesis show that "buffer-free" material can outperform 

traditional materials at the device level. A thin undoped GaN channel layer sandwiched between an 

AlN barrier layer and a low TBR AlN nucleation layer that functions as a sandwich-like double 

heterostructure and provides adequate 2DEG confinement with significantly fewer trapping effects 

than traditional Fe- and C-doped buffer containing epi-structures. Also, in general, forming excellent 

Ohmic contact to AlN/GaN-based devices is difficult due to the use of a barrier layer with a large 

bandgap AlN (6.2 eV) as opposed to traditional AlGaN/GaN-based devices. The horizontal patterned 

recess Ohmic contact technology can be used to reduce the contact resistance as described in section 

8.1. Figure 8.4 shows the proposed epilayer AlN/GaN on SiC structure. 

 

Figure 8.3: GaN HEMT proposed model (a) Mesa etch SiC substrate (b) integrated diamond heat sink. 

Figure 8.4: Proposed epilayer AlN/GaN structure 

(a) (b)

SiC Substrate

AlN (5nm) 

AlN (60nm)

GaN (2nm)

UDI GaN (250nm)
2DEG
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Appendix A 

RF device fabrication using photolithography. 

1) Sample cleaning  

➢ Dip in Acetone for 5 minutes using ultrasonic bath  
➢ Dip in Methanol for 5 minutes using ultrasonic bath  
➢ Dip in Isopropyl Alcohol (IPA) for 5 minutes using ultrasonic bath  
➢ Blow dry using N2  

2) Ohmic contact deposition  

➢ Spin LOR 10A at 6000rpm for 30seconds  
➢ Bake at 150ºC for 2 minutes  
➢ Spin S1805 at 4000 rpm for 30seconds  
➢ Bake at 115ºC 3 for minutes  
➢ Expose in the MA6 mask aligner using hard contact for 2.4 seconds  
➢ Develop using MF319 for 2 minutes  
➢ Rinse in Reverse Osmosis (RO) water  
➢ Blow dry with N2  
➢ Oxygen ash at 110W for 1 minute  
➢ De-oxidise in 3H2O:HCl for 1 min 
➢ Use Ar gun for 30 seconds in the Plassys IV  
➢ Metalize Ti/Al/Ni/Au 30/180/40/100nm  
➢ Lift-off using 1165 resist stripper in the hot water bath for 15 minutes, pipette clean  
➢ Rinse with water  
➢ Blow dry with N2  
➢ Anneal the sample in N2 environment at 800°C for 30 seconds  

3) Mesa isolation  

➢ Spin S1818 at 4000rpm for 30 seconds  
➢ Bake at 115ºC for 2 minutes  
➢ Expose in the MA6 using hard contact for 6 seconds  
➢ Develop using MF319 for 75 seconds  
➢ Rinse with RO water  
➢ Blow dry with N2  
➢ ICP 180 with Cl2/Ar gases with 30/15sccm and RF/ICP power of 750/75W at 4mT for 

1minutes  
➢ Remove resist using Acetone  
➢ Dip in IPA  
➢ Blow dry with N2  

 

4) Gate contact deposition  

➢ Spin LOR 3A at 6000rpm for 30seconds  
➢ Bake at 150ºC for 2 minutes  
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➢ Spin S1805 at 4000 rpm for 30seconds  
➢ Bake at 115ºC 3 for minutes  
➢ Expose in the MA6 mask aligner using hard contact for 2.4 seconds  
➢ Develop using MF319 for 2 minutes  
➢ Rinse in RO water  
➢ Blow dry with N2  
➢ Oxygen ash at 110W for 1 minute  
➢ Metalize Ni/Au 20/200nm  
➢ Lift-off using 1165 resist stripper in the hot water bath for 15 minutes, pipette clean  
➢ Rinse with RO water  
➢ Blow dry with N2  

5) Bond pad deposition  

➢ Spin LOR 10A at 6000rpm for 30seconds  
➢ Bake at 150ºC for 2 minutes  
➢ Spin S1805 at 4000 rpm for 30seconds  
➢ Bake at 115ºC for 3 minutes  
➢ Expose in the MA6 mask aligner using hard contact for 2.4 seconds  
➢ Develop using MF319 for 2 minutes  
➢ Rinse in RO water  
➢ Blow dry with N2  
➢ Oxygen ash at 110W for 1 minute  
➢ Metalize Ni/Au 20/400nm  
➢ Lift-off using 1165 resist stripper in the hot water bath for 15 minutes, pipette clean  
➢ Rinse with RO water  
➢ Blow dry with N2  

6) Surface passivation  

➢ Deposit 100nm of Si3N4 using ICP 180 PECVD Deposition tool  

7) Passivation etches 

➢  RIE 80+ tool with SF6/N2 gases with 50/25sccm and RF power of 50W at 100mT for 5minutes  

 

RF device fabrication using E-beam lithography 

1) Sample cleaning  

➢ Dip in Acetone for 5 minutes using ultrasonic bath  
➢ Dip in Methanol for 5 minutes using ultrasonic bath  
➢ Dip in Isopropyl Alcohol (IPA) for 5 minutes using ultrasonic bath  
➢ Blow dry using N2  

2) E-beam markers  

➢ Spin 12% 2010 PMMA at 4000rpm for 60 seconds  
➢ Bake at 180ºC for 3 min  
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➢ Spin 4% 2041 at 4000 rpm for 60 seconds  
➢ Bake at 155ºC for 2 minutes  
➢ Metallize with 10nm Al layer (Plassys 2 or 4) 
➢ Expose at EBPG for markers 
➢ Develop in CD-26 for 1min 
➢ Dip in RO water for 1min 
➢ Develop in MIBK: IPA 2.5:1 for 60 seconds at 23ºC 
➢ Dip in IPA  
➢ Blow dry with N2  
➢ Metalize Ti/Pt 20/80nm  
➢ Lift-off in warm acetone for 15min, pipette clean 
➢ Dip in IPA  
➢ Check under microscope all the square markers  

3) Ohmic contact formation  

➢ Spin 12% 2010 PMMA at 4000rpm for 60 seconds  
➢ Bake at 180ºC for 3 min  
➢ Spin 4% 2041 at 4000 rpm for 60 seconds  
➢ Bake at 155ºC for 2 minutes  
➢ Metallize with 10nm Al layer (Plassys 2 or 4) 
➢ Expose at EBPG for Ohmics patterns 
➢ Develop in CD-26 for 1min 
➢ Dip in RO water for 1min 
➢ Develop in MIBK: IPA 2.5:1 for 60 seconds at 23ºC 
➢ Dip in IPA  
➢ Blow dry with N2  
➢ Ash 110W for 1 min 
➢ Deoxidized in HCl 1:3 RO water for 1 minute 
➢ Rinse in RO water 
➢ Blow dry with N2 
➢ Use Ar gun in Plassys IV for 30 seconds 
➢ Metalize Ti/Al/Mo/Au 15/60/35/50nm 
➢ Metalize Ti/Pt 20/80nm  
➢ Lift-off in warm acetone for 15min, pipette clean 
➢ Dip in IPA 
➢ Anneal at 800ºC for 30 seconds 
➢ Check under microscope all the Ohmic patterns  

3) Mesa isolation  

➢ Spin 12% 2010 PMMA at 4000rpm for 60 seconds  
➢ Bake at 180ºC for 3 min  
➢ Spin 4% 2041 at 4000 rpm for 60 seconds  
➢ Bake at 155ºC for 2 minutes  
➢ Metallize with 10nm Al layer (Plassys 2 or 4) 
➢ Expose at EBPG for mesa isolation 
➢ Develop in CD-26 for 1min 
➢ Din in RO water for 1min 
➢ Develop in MIBK: IPA 2.5:1 for 60 seconds at 23ºC 
➢ Dip in IPA  
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➢ Blow dry with N2  
➢ Submit sample for dry etch in ICP 180 (100nm etch) 

Step 1) Pre-condition for 15min  
Step 2) Tool: ICP 180  
Gases BCl3/Cl2 flow= 5/10sccm, RF and ICP power: 13/100 W,  
Pressure= 20mTorr, Etching time= 10 min 

➢ Lift-off in warm acetone for 15min, pipette clean 
➢ Dip in IPA  
➢ Blow dry with N2 

4) T-Gates  

➢ Spin 4% 2041 at 2000 rpm for 60 seconds (Recipe-8) 
➢ Bake at 180ºC for 3 minutes  
➢ Spin 4% 2041 at 2000 rpm for 60 seconds (Recipe-8) 
➢ Bake at 180ºC for 3 minutes  
➢ Spin LOR 3A at 6000 rpm for 30seconds (Recipe-1) 
➢ Bake at 150ºC for 2 minutes 
➢ Spin CSAR at 2000 rpm for 60seconds (Recipe-8) 
➢ Bake at 150ºC for 2 minutes 
➢ Expose at EBPG for T-Gate pattern 
➢ Develop in CD-26 for 1min 
➢ Din in RO water 
➢ Blow dry with N2 
➢ Develop in amyl acetate for 30 seconds 
➢ Dip in IPA for 30 seconds 
➢ Blow dry with N2 
➢ Develop in CD-26 for 25 seconds 
➢ Dip in RO for 30 seconds 
➢ Blow dry with N2 
➢ Develop in MIBK: IPA 3:1 for 35 seconds at 23ºC 
➢ Dip in IPA for 30 seconds 
➢ Blow dry with N2 
➢ Ash 80W for 1 min 
➢ Metalize Ni/Au 20/300 nm 
➢ Lift-off in warm acetone for 15min, clean very carefully 
➢ Blow dry with hotplate 

 

5) SiNx passivation 

➢ Submit sample for blanket deposition of 100nm of SiNx (PECVD tool) 

6) Bond pads  

➢ Spin 12% 2010 PMMA at 4000rpm for 60 seconds  
➢ Bake at 180ºC for 3 min  
➢ Spin 4% 2041 at 4000 rpm for 60 seconds  
➢ Bake at 155ºC for 2 minutes  
➢ Metallize with 10nm Al layer (Plassys 2 or 4) 
➢ Expose at EBPG for bond-pads pattern 
➢ Develop in CD-26 for 1min 
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➢ Develop in MIBK: IPA 2.5:1 for 60 seconds at 23ºC 
➢ Dip in IPA  
➢ Blow dry with N2 
➢ Ash 110W for 1 min 
➢ Submit sample for dry etch RIE80+ (100nm etch) 
➢ Recipe name: SF6/N2 
➢ RF power 50 W, SF6/N2 50/25 sccm and pressure 100 mT 
➢ Etching time: 5 Minute 
➢ Metalize Ti/Au 20/400nm 
➢ Dip in IPA for 30 seconds 
➢ Blow dry with N2 
➢ Check under microscope 

7) SiNx passivation 

➢ Submit sample for blanket deposition of 100nm of Si3N4 (PECVD tool) 

8) Passivation etches 

➢ RIE 80+ tool with SF6/N2 gases with 50/25sccm and RF power of 50W at 100mT for 5minutes  
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