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ABSTRACT 

III-nitrides based devices are considered as outstanding options for a range of 

extremely relevant applications. These devices can significantly improve the 

efficiency of high-power switching appliations. They are predicted to dominate 

applications in the low carbon economy. In recent years, these devices have been 

steadily improved and each year new record performances have been reported.  

Regardless of the superior performance of III-nitrides based devices, and 

particularly AlGaN/GaN high electron mobility transistors (HEMTs), achieving 

reliability at the same time as the high performance that the device boasts is a factor 

that is holding back widespread commercial and industrial development. 

Recoverable degradation (e.g. current collapse and on-resistance) and 

unrecoverable degradation (e.g. access resistance of contacts, and gate leakage 

current) persist to be limiting reliability factors.  

The mechanisms contributing towards performance and reliability degradation of 

AlGaN/GaN HEMTs, namely self-heating, charge trapping and strain, are required 

to be minimised; an important step before large-scale deployment can be attained. 

The strong coupling of these degradation mechanisms, under normal device 

operation, makes the quantitative contribution of each mechanism indistinct due to 

the lack of standard characterisation techniques. 

In this Thesis, the impact of the source/drain (S/D) and gate terminals of an 

AlGaN/GaN HEMT on its thermal management was investigated. Using Infrascope 

measurements, a substantial increase in temperature and resistance at the inner ends 

of the S/D contacts was observed. High-resolution X-ray diffraction technique 

combined with drift-diffusion (DD) simulations showed that strain reduction at the 

vicinity of S/D contacts is the origin of temperature rise. The strain reduction was 

also observed below the metal gate. Through electro-thermal simulations, the 

electrical stress on Ohmic contacts was shown to reduce the strain; leading to the 

inverse/converse piezoelectric effect.  

A new parametric technique was developed to decouple the mechanisms 

constituting device degradation in AlGaN/GaN HEMTs under normal device 



 

ABSTRACT 

 

iii 

 

operation, namely self-heating and charge trapping. Both source (IS) and drain (ID) 

transient currents were used under various biasing conditions to analyse charge 

trapping behaviour. Two types of charge trapping mechanisms have been identified: 

(i) bulk trapping occurring on a time scale of < 1 ms, followed by (ii) surface 

trapping and redistribution > 1 ms. Through monitoring the difference between Ὅ 

and Ὅ, bulk trapping time constant is shown to be independent of ὠ  and ὠ . Also, 

ὠ  is found to have no effect on the bulk trap density. Surface trapping is found to 

have a much greater impact on slow degradation when compared to self-heating 

and bulk trapping. At a short time scale (< 1 ms), the RF performance is restricted 

by both bulk trapping and self-heating effects. At a longer time scale (> 1 ms), the 

dynamic ON resistance degradation is limited mainly by surface trapping 

accumulation and redistribution. 

Using the understanding of the degradation mechanism behaviour and origins, 

optimisations to the Ohmic and Schottky contacts as well as a new AlGaN/GaN 

HEMT architecture were proposed. In an attempt to improve the thermal 

management of S/D contacts, an Ohmic contact recess process is proposed to reduce 

the access resistance and enhance DC/RF performance of AlGaN/GaN HEMTs with 

a high Al concentration. A contact resistance (Ὑ) of ~0.3 Ý.mm was achieved via 

optimal recess conditions. Small Ὑ was found to lead to a higher current density 

at the inner edges of the contact, which resulted in a large increase of channel 

temperature beneath the S/D contacts. A highly n-doped AlGaN overgrowth layer 

was proposed to reduce the current density, and thus channel temperature at the 

Ohmic contacts. Titanium Nitride (TiN) Schottky processing was implemented to 

minimise the observed strain reduction beneath the gate metal. The optimal 

Schottky contact is obtained for TiN thicknesses of < 10 nm, which preserves the 

strain within the AlGaN barrier layer. As a result, Schottky barrier of 1.06 eV, a 

leakage current of 6 nA and improved linearity of 1.6 was achieved. In addition,     

C ï V and I ï V characterisations revealed very low trapping density within the 

optimised device. Lastly, a new device architecture was proposed to increase the 2-

dimentional electron gas (2DEG) density and mobility, without compromising the 

enhancements of our proposed S/D and gate optimisations. This structure consists 

of (i) step-graded AlGaN barrier layer to increase strain and (ii) AlN spacer layer. 
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Since the fabrication of the first silicon (Si) device in 1958 by Gibbonsô Stanford laboratory 

[1], Si-based devices have been, by far, the most widely used technology in the semiconductor 

industry. The Si metal-oxide-semiconductor field effect transistor (MOSFET) has been the 

primary driver for the growth of the industry. However, Si MOSFETs have reached their limit 

in terms of power density, mobility and efficiency [2]ï[8]. Also, scaling of these devices will 

reach its theoretical limit in the coming years as a result of the intrinsic material properties such 

as: (i) low breakdown voltage, (ii) low saturation velocity, (iii) low inversion layer mobility, 

and (iv) high device resistance [9]. To account for these limitations, several new semiconductor 

materials have been developed to accommodate the increasing need for devices that can 

provide higher output power at higher operating voltages and higher operating frequencies. In 

particular, III-nitride semiconductors such as gallium nitride (GaN) have gained significant 

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

1.1. .ŀŎƪƎǊƻǳƴŘ 

To begin our investigation into III-N-based devices, we firstly advanced our knowledge in the 

development of GaN technology since its discovery; this includes the use of GaN technology 

applications and market. The importance of GaN in these applications has been shown through 

a comparison with other competing semiconductor materials using a range of Figures of Merit 

(FOMs). 

1.1.1. IƛǎǘƻǊȅ ƻŦ Dŀb ¢ŜŎƘƴƻƭƻƎȅ 

Since the discovery of Gallium (Ga) in 1897, the use cases of the newly found material were 

minimal. The introduction to the most widely used Ga compound in application today was not 

developed until 1930, where the first synthesis of GaN was produced [10]. Interest in the new 

compound did not reach any significance until 1938, where a technique was to powder GaN, 

producing small needles and platelets in order to investigate its crystal structure and lattice 

constant [11]. Successful and notable research into the development of GaN from this point did 

not arise until 1969, when the first deposition of GaN was produced using Hydride Vapour 

Phase Epitaxy (HVPE) [12]. Soon after, in 1971, the first GaN light emitting diode (LED) was 

fabricated [13]. This is the beginning of a large growth in the GaN market in industrial 

applications. The reason this development was so crucial to the market is that GaN is one of 
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few semiconductor materials that is capable of emitting blue light. This development is 

important as the optical applications of GaN are the driving force of the GaN market, even 

today. 

The idea of a high-electron mobility transistor (HEMT) was introduced in 1980 with the 

aluminium gallium arsenide-on-gallium arsenide (AlGaAs/GaAs) HEMT [14]. The novelty of 

this structure is that two materials of different bandgaps are incorporated into the device 

structure to form a channel as opposed to the structure of an inversion layer device. This new 

structure introduced the idea of dopant injection prevention in the semiconductor material that 

would cause device damage, thereby reducing device mobility and reliability. It was only in 

1991 that GaN technology caught up with this newly discovered structure. Here, the rapid 

progression in the development of GaN began when the first normally-ON AlGaN/GaN HEMT 

was produced via metal organic chemical vapour deposition (MOCVD) [15]. A crucial property 

to GaNôs success today was also discovered in 1991 from this structure as a result of the 

technological improvements towards wafer production under high temperature. A high electron 

density channel at the AlGaN/GaN interface, known as the two-dimensional electron gas 

(2DEG) was also discovered in 1991. From this point on, rapid progression and interest was 

gained by academic research and industry in the development of GaN. A notable milestone was 

achieved in the GaN industry in 2000, when AlGaN/GaN HEMT technology was successfully 

grown on Si substrates via MOCVD [16]. The first normally-OFF GaN based modulation-

doped field-effect transistor (MODFET) was fabricated in 1995 [17], although, the first patent 

involving normally-OFF GaN-based devices was not submitted until 2001 [18]. 

More recent developments came in 2007, when Toshiba developed a new GaN HEMT that 

operates at Ku-band (12 GHz to 18 GHz) that achieved 65.4 W at 14.5 GHz [19]. This 

technology was to add an n-GaN cap layer to an AlGaN/GaN HEMT grown on silicon carbide 

(SiC). Transphorm established the first qualified 600 V GaN-on-SiC device in 2009 and 600 V 

GaN-on-Si in 2010 [20]. Also in 2010, the first commercially available GaN power device was 

introduced by International Rectifier. At this point, a highly sophisticated, ultra fast monolithic 

microwave integrated circuit (MMIC), matched to a multi-switch monolithic GaN-based power 

device, was produced, doubling the switching speed of state-of-the-art silicon-based integrated 

power stage devices [21]. This was the highest operating voltage observed for GaN HEMTs at 
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the time. From then, adoption of GaN-based technology exponentially increased as GaN 

became a viable solution for more applications. Soon after, in 2012, a merge in operations 

between Fujitsu Semiconductor and Transphorm occurred. From then on, many new 

applications were introduced into the market with the new 600 V GaN device platform such as 

the worldôs first photovoltaic power conditioner, ultra-small AC adapters, highly efficient 

motion control, high-density power supplies for personal computers, servers and telecoms 

equipment, and many more [22]. 

1.1.2. ²Ƙȅ Dŀb ¢ŜŎƘƴƻƭƻƎȅΚ 

GaN is a material that is used in the production of many semiconductor applications that are 

later described. The technology has demonstrated that it is significantly more capable than the 

commonly used Si devices for a range of applications. The limitation of Mooreôs Law for Si 

devices prevents the increase of power capabilities of Si [23]. Therefore, GaN is the new 

emerging technology that can overcome the power and frequency limitations of Si. With its 

ability to conduct a much higher density of electrons at higher velocity, all at a low production 

cost, GaN-based devices are increasing its value in the semiconductor industry [24], [25]. The 

following presents a current list of exceptional properties that are responsible for the success 

of GaN technology:  

¶ A large breakdown field is achieved from the large bandgap of GaN, which is 

particularly useful for high power applications. The relationship between the critical 

field, Ὁ , and bandgap, Ὁ, is given by [26]: 

Ὁ ρȢπςρπ
ή

‐
ὔ ȾὉ Ⱦ  

(1.1) 

Where ή is the charge of an electron, ‐ is the permittivity of GaN, ὔ is the impurity 

density concentration.  

¶ The high electron saturation velocity of GaN, ὺ  1.7  107 cm s-1 at 300 K, is a 

particularly desired parameter for high frequency applications. This is a temperature 

dependent parameter that is enhanced considerably in AlGaN/GaN HEMTs, to be 

explained in Section 2.1.2. However, for bulk semiconductor materials, ὺ   is 

calculated by: 
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ὺ Ὕ
ὺ ȟ

ρ ὃ ὃ Ͻ
Ὕ
σππ

 
(1.2) 

 

where ὺ ȟ  is the electron saturation velocity at 300 K, ὃ is a model parameter 

specific to the semiconductor material used, and Ὕ is the lattice temperature. 

¶ GaN has the ability to operate under extreme temperatures (up to 700 oC) [27], [28] 

when formed into a HEMT structure. Along with their high-frequency and high-power 

capabilities, this is significantly beneficial for harsh environments. 

¶ High quality GaN-based devices can be grown onto large diameter Si substrates. As a 

result, GaN production costs are considerably low and can be integrated onto many Si 

applications.  

¶ GaN is a direct band gap material where no additional energy is required to recombine 

into excitons. This is particularly useful for oscillator, amplifier and photovoltaic 

applications. The bandgap of GaN (3.4 eV) allows for photons of around 450 nm 

wavelength (blue light) to be emitted upon recombination of electrons and holes [29], 

which allows GaN to be used as a blue LED. The bandgap is conveniently in the ultra-

violet (UV) region which means that electrons in the GaN bulk excite to the conduction 

Table 1.1: A comparison of the material properties of GaN and other competitors in the semiconductor 

industry. 

Property GaN 

(AlGaN/GaN) 

Si 4H-SiC GaAs 

Bandgap, 

╔▌ (eV) 
3.4 1.1 3.3 1.4 

Breakdown electric field, 

╔║╓ (MV cm
-1) 

2.0 

(5.6) 
0.3 3.0 0.4 

Electron mobility, 

Ⱨ (cm2 V-1.s-1) 

900 

(2000) 
1400 700 8500 

Electron saturation velocity, 

○▼╪◄ (10
7 cm s-1) 

1.5 

(2.5) 
1.0 2.0 2.0 

Thermal conductivity, 

ⱦ (W cm-1.K-1) 
1.5 1.5 5.0 0.5 

Dielectric constant, 

Ⱡ► 
8.9 11.7 10.0 12.9 
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band when exposed to UV light with >364 nm wavelength. This makes them 

exceptionally good as UV detectors.  

In addition, a comparison of the fundamental material properties of Si, GaN, 4H hexagonal 

polytype Silicon Carbide (SiC), and GaAs is shown in [30], [31]. Although GaAs needs doping 

to operate as a device, the mobility provided is for undoped GaAs and, hence, is significantly 

larger than if it were doped. These properties allow GaN-based devices to operate under high 

temperature and high pressure environments where Si devices are incapable of functioning. To 

note, AlGaN/GaN-based devices have enhanced properties whereby ‘ is increased to 2000 cm2 

V-1s-1 and ὺ  is increased to ςȢυ  107 cm s-1. 

1.1.3. Dŀb !ǇǇƭƛŎŀǘƛƻƴǎ ŀƴŘ aŀǊƪŜǘ 

GaN-based devices have been implemented into a range of applications, shown by the III-

nitrides device applications roadmap given in Figure 1.1, such as high-frequency, high-power-

RF, renewable energy, automotive, UV/IR-sensors, low-cost surveillance, street-lighting, 

weather-systems, environmental-friendly, solar-blind, radars, 4G/WiMAS base-stations, ultra-

wide-band communication, low-noise, ultra-scaled high-temperature, military, sensors for 

harsh environmnents, biological research,éetc [32]ï[51]. The inset of Figure 1.1 shows the 

significant advantages of III-nitride materials over conventional semiconductors in several 

device parameters. As a result, many UK and international companies, such as GaN-Systems, 

Cree, Infineon & Panasonic, Toshiba, Fujitsu & Transphorm, Texas Instruments, Navitas, 

NXP-semiconductor, Dynex, Oxford-Plasmatech, IXYS, Thales, OMMIC etc., are 

substantially increasing their investments toward GaN research and gaining scale to reach a 

high-level of mass production [52]. For example, NXP-semiconductor has spent over Ã2.5M 

in 2014 on the process technology of GaN blue LEDs [51], [54]. In addition, the UK 

government and EU-Commission are supporting academia to boost research into the 

development of the GaN technology by providing more funding grants and encouraging for 

closer collaborations between academia and industry [45], [52], [54]. An example of such 

actions is the óUK PowerGaNô consortium that includes 7 UK universities and 12 UK 

companies [55]. The market value of these devices stands to exponentially increase to an 

estimated $600m by 2024 and $1.7bn by 2027 [56]. 
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1.1.4. CƛƎǳǊŜǎ ƻŦ aŜǊƛǘ 

In addition to the superior material properties of GaN, several widely used FOMs show the 

value of GaN in a range of applications. Each FOM is used for benchmarking semiconductors 

with respect to different application types. These FOMs take into account several relevant 

material properties that contribute towards the particular application type that the FOM is 

aimed towards. The higher the FOM value the higher performance that the semiconductor has 

in the relevant application type.  

To begin, Johnsonôs Figure of Merit (JFOM) provides a quantitative estimate for the 

performance of a semiconductor material in high power applications operating at high 

frequencies. The relevant material properties are accounted for in the JFOM calculation [26]: 

ὐὊὕὓ
Ὁ ὺ

ς“
 (1.3) 

where Ὁ  is the breakdown electric field, and ὺ  is the electron saturation velocity.  

Secondly, Baligaôs High-Frequency Figure of Merit (BHFFOM) focuses on the performance 

of field-effect transistors at high frequency power switching applications, where switching 

 

Figure 1.1: III-Nitrides device applications roadmap (short, mid and long-term growth driver). The 

inset shows a comparison of GaN, 4H-SiC, Si and GaAs high-power RF transistors [57]. 
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losses are dominant, showing that significant power loss reduction can be achieved with high 

BHFFOM [58]: 

ὄὌὊὊὕὓ‘Ὁ
ὠ

τὠ

ϳ

 (1.4) 

where ‘ is the charge carrier mobility, ὠ is the gate drive voltage, and ὠ  is the breakdown 

voltage. 

Finally, Keyesô Figure of Merit (KFOM) is used to estimate the thermal limitation to the 

switching behaviour of transistors when used in integrated circuits (ICs) [59]: 

ὑὊὕὓ‗
ὧὺ

τ“‐

ϳ

 (1.5) 

where ‗  is the thermal conductivity, ὧ  is the velocity of light (3Ĭ10-8 m s-1), and ‐  is the 

dielectric constant. 

Table 1.2 quantitatively depicts the suitability of GaN and other competing semiconductor 

materials in a range of application types with respect to various FOMs. A JFOM of 270 ï 480 

and 324 ï 400 for GaN and 4H polymorphism of SiC, respectively, shows that both materials 

dominate in suitability for high-power and high-frequency applications [31]. GaN, however, is 

superior to 4H-SiC and all other competitors when compared with BHFFOM, boasting 17 to 

34 times the suitability as Si, 1.5 to 2.5 times that of GaAs and 3 times that of SiC. The only 

FOM that has been used for comparison where GaN is not superior is KFOM. This is due to 

the large thermal conductivity of 4H-SiC compared to GaN. However, GaN is still 1.4 times 

Table 1.2: A comparison of the various Figures of Merit (FOM) for GaN and other semiconductor 

competitors [26]. 

Property GaN Si 4H-SiC GaAs 

Johnsonôs Figure of Merit, 

(JFOM) 

760 1.0 180 7.1 

Baligaôs High-Frequency Figure of Merit, 

(BHFFOM) 

77.8 1.0 22.9 10.8 

Keyesô Figure of Merit 

(KFOM) 

1.6 1.0 4.61 0.45 
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larger than Si and 3.5 times that of GaAs but 4H-SiC is much larger than GaN for this FOM.  

Regardless, for high-power and high-frequency applications, III-N semiconductors, GaN in 

particular, are far superior to that of Si. 

1.2. wŀǘƛƻƴŀƭŜ 

Regardless of the superior performance of III-N-based devices, and particularly AlGaN/GaN 

HEMTs, achieving reliability at the same time as the high performance that the device boasts 

is a factor that is holding back widespread commercial and industrial development [60], [61]. 

Recoverable degradation, e.g. current collapse and on-resistance, along with unrecoverable 

degradation, e.g. access resistance of contacts, and gate leakage current persist to be limiting 

reliability factors [60]ï[62]. In addition, the access resistance of AlGaN/GaN HEMTs is 

required to be reduced in order to obtain optimal performance. 

Despite the increasing efforts that have been devoted to improving reliability in III-N devices, 

a well-defined understanding of the underlying physics and mechanisms of defects and 

limitation effects is still largely unknown and currently impedes the device reliability progress 

[60], [61]. The mechanisms contributing towards degradation of AlGaN/GaN HEMTs, namely 

self-heating, charge trapping and strain, are required to be analysed in order to develop this 

understanding. To identify the primary mechanism contributing towards the device degradation, 

these degradation mechanisms need to be decoupled using a newly developed electrical 

parametric technique.  

1.3. wŜǎŜŀǊŎƘ !ƛƳ ŀƴŘ hōƧŜŎǘƛǾŜǎ 

In this Thesis, we evaluate the degradation and failure mechanisms of AlGaN/GaN-based 

devices, namely (i) self-heating, (ii) charge-trapping, and (iii) strain, with the aim to analyse 

strain-induced self-heating effects on access resistance and to decouple self-heating from 

charge trapping. These degradation mechanisms contribute towards current collapse and 

degradation of both power and radio-frequency (RF) performance. Through the knowledge 

gained from understanding the degradation mechanisms, we propose new device architectures 

to improve device reliability. In order to achieve this, the following objectives are realised: 

1. Investigate the self-heating and strain mechanisms in AlGaN/GaN HEMTs using 
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Infrared (IR) Camera and High-Resolution X-Ray Diffraction (HR-XRD) technology 

under various biasing conditions. 

2. To identify the relationship between device geometry and polarisation within 

AlGaN/GaN-based devices. 

3. For the first time, develop a new electrical characterisation technique to decouple 

charge trapping mechanisms, namely bulk trapping and surface trapping, from self-

heating under normal device operation. 

4. Identify the primary cause of device dynamic degradation from the newly developed 

electrical characterisation technique. 

5. Optimise the Ohmic contacts of AlGaN/GaN HEMTs by developing new process 

technology to reduce the contact resistance and improve device performance. 

6. Improve the Schottky contacts through the optimisation of the TiN metallisation 

scheme to reduce gate leakage and enhance the high frequency capabilities of the device. 

7. Propose new device architectures with the replacement of several layers of a 

conventional HEMT to enhance the 2DEG density and electron mobility within the 

device. 

1.4. hǊƎŀƴƛǎŀǘƛƻƴ 

Chapter 1 describes a background to GaN technology, including its history, why it is used in 

industrial applications, what those applications are, and its FoMs that determine its 

applicability in various application types (e.g. high power or RF). The rationale behind the 

research carried out through this Thesis is then given, briefly describing the issues with III-N-

based devices, the importance of understanding these issues, and need for a new reliability 

characterisation technique to be developed. This leads to the research aim and objectives that 

are accomplished throughout this Thesis in order to challenge the device limitations. Finally, 

the original contribution towards the III-N-based device reliability field that the work in this 

Thesis presents is discussed. 

Chapter 2 of this Thesis introduces a background to the physical properties of III-N materials. 

The typical Wurtzite crystal structure, the material properties of GaN and its polarisation effects 

are discussed. From then, an in-depth description of AlGaN/GaN based devices is given to 

provide fundamental understanding of the device used throughout the research given in this 
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Thesis. Included in this section is an explanation of (i) the physics behind the formation of a 

2DEG channel at the AlGaN/GaN interface, (ii) the operation of an AlGaN/GaN HEMT, (iii) 

the choice of substrate and contact metallisation, (iv) its state of the art, and (v) comparison 

versus other competing semiconductors. In addition, a discussion is made for non-invasive and 

employed characterisation techniques used for measuring the operating temperature 

distribution (Infrared, Micro-Raman, Micro-Resistance thermal detector), charge trapping 

(Photoluminescence), strain (High-resolution X-ray diffraction), 2DEG sheet density, electron 

mobility (Hall-effect) and I ï V characteristics (DC and Pulse measurements). Finally, the 

current development challenges for GaN technology are discussed to provide rationale for the 

research that follows this chapter. 

Chapter 3 involves strain-induced self-heating effects on source/drain access resistance of 

AlGaN/GaN-based devices and interplay of self-heating and polarisation. There is not a well 

defined understanding of the origins of access resistance degradation during normal device 

operation within AlGaN/GaN-based devices. Therefore, we investigate the temperature and 

strain profiles within small and large AlGaN/GaN Transmission Line Models (TLMs) as well 

as AlGaN/GaN HEMTs using an IR camera and HR-XRD. Additionally, AlGaN/GaN TLMs 

are simulated to understand the interplay between device geometry with self-heating and 

polarisation. Calibrated technology computer aided design (TCAD) simulations are used to 

show that hot spots of temperature at the edge of the drain contact is induced by high electric 

field. Also, inverse piezoelectric effect is shown to decrease with decreased device length due 

to stress on Ohmic contacts. 

Chapter 4 focuses on the development of a new electrical parametric technique to characterise 

drain and gate induced charge trapping. This is accomplished with the exclusion of self-heating 

and under normal device operation. The range of misconceptions of current research, 

investigating the cause of degradation of transient current, lead us to examine this degradation 

using our newly developed technique. The source and drain transient currents are measured 

under normal operating conditions in order to analyse the charge trapping contribution to 

transient current degradation with the exclusion of self-heating, for the first time. The 

dependency on biasing conditions for both bulk and surface trapping are then found through 

analysis of the current transient measurements. Finally, the primary contribution towards 
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transient current degradation is identified to lead us towards the primary focus for optimisation 

of device architecture. 

Chapter 5 proposes several optimisations to the Ohmic and Schottky contacts as well as device 

architecture in order to minimise degradation and improve the reliability of AlGaN/GaN-based 

devices. The output of this research is the result of collaborations with University of Lille, 

Swansea University and University of Malaya. The reduction of access resistance, identified 

as an issue in Chapter 3, is accomplished through (i) recessing Ohmic contacts into the AlGaN 

barrier layer and (ii) overgrowing the AlGaN at an angle to reduce self-heating effects. A 

proposition for optimising the Schottky contact through implementation of a TiN metallisation 

is then investigated to understand how it reduces gate leakage and enhances operating 

frequency. The results gained from these two propositions are experimental measurements. 

Finally, to enhance the 2DEG electron mobility, a new simulated AlGaN/GaN HEMT 

architecture is proposed. This is achieved through the implementation of a (i) step-graded 

AlGaN barrier, (ii) AlN spacer, and (iii) InGaN channel layer, which contributes towards the 

applicability of AlGaN/GaN HEMTs in applications of high-power and high-frequency 

requirements. 

Chapter 6 concludes the work provided by each chapter throughout this Thesis. In addition, a 

discussion of the future works for this project is given. 

1.5. hǊƛƎƛƴŀƭ /ƻƴǘǊƛōǳǘƛƻƴ ǘƻ wŜǎŜŀǊŎƘ CƛŜƭŘ 

A variety of tasks have been accomplished in the research constituting this Thesis. The original 

contributions to the research field are as follows: 

1. Successfully investigated the temperature rise at Ohmic contacts in AlGaN/GaN-based 

devices. Using Infrared temperature mapping system measurements, a large increase in 

temperature at the S/D contacts of a long AlGaN/GaN gateless device was observed. 

These temperature peaks are shown to be coupled in smaller devices, owing to the large 

increase in temperature at the centre of the device. For gated devices, the thermal 

coupling is revealed to enhance the temperature peak at the drain-side edge of the gate. 

Additionally, HR-XRD measurements and Drift-Diffusion (DD) simulations show a 

reduction in strain at the S/D Ohmic contacts. This is found to be the reason behind the 
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temperature rise within AlGaN/GaN-based devices. 

2. Effects of device geometry on self-heating effects in AlGaN/GaN-based devices is 

analysed using DD transport model simulations. In shorter devices, the limitation of 

current in I ï V characteristics was found to occur sooner than in long structures as a 

result of increased lattice temperature. In addition, the total polarisation within the 

device is found to reduce in larger devices due to the inverse piezoelectric effect, which 

has a direct impact on the degradation of 2DEG density within the channel. 

3. A new source and drain transient currents characterisation technique has been 

developed for decoupling charge trapping from self-heating in AlGaN/GaN HEMTs 

under normal device operation. Using this technique, charge trapping behaviours under 

various bias conditions have been analysed with the exclusion of self-heating. Charge 

carriers that are trapped within the GaN bulk layer (bulk trapping) has been identified 

to be equal to the difference between the source current (Ὅ) and drain current (Ὅ). The 

bulk trapping magnitude is found to change as a result of drain bias, but not gate bias. 

Additionally, surface trapping is shown to be the dominant mechanism in slow 

degradation over a slow self-heating mechanism and its magnitude and its time to 

temperature saturation (temperature time constant) are dependent on both drain and 

gate bias. 

4. Source and drain Ohmic contacts are etched into the AlGaN barrier layer of the 

AlGaN/GaN HEMT in order to reduce its contact resistance, thereby increasing current 

density through the device. An AlGaN overgrowth layer for Ohmic contacts is also 

proposed to reduce self-heating effects near the contacts.  

5. A TiN metalisation scheme is developed, to generate quasi-p type doping in the AlGaN 

barrier layer, which enhances Schottky arrier height and reduces gate leakage.  

6. Several optimisations to the architecture of a conventional AlGaN/GaN HEMT are 

applied (i.e. step-graded barrier, exclusion layer, and InGaN channel layer) to improve 

2DEG density and mobility.   
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2. AlGaN/GaN-Based Device Fundamentals & Characterisation Techniques 

CHAPTER 2 

AlGaN/GaN-BASED DEVICE FUNDAMENTALS & 

CHARACTERISATION TECHNIQUES 
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An insight into the AlGaN/GaN-based device fundamentals and its characterisation techniques 

are discussed in this chapter. Firstly, the physical properties of III-N semiconductor materials 

are described, including crystal structure, the material properties of GaN and polarisation 

effects present in III-N based materials. A description is provided for the physical functionality 

of the quantum well at the heterojunction, also known as a 2-dimensional electron gas (2DEG), 

of AlGaN/GaN HEMTs. The structure, operation and growth of AlGaN/GaN HEMTs as well 

as the typical substrate choices are reviewed. In addition, various performance enhancing layers 

for AlGaN/GaN-based devices are revised. From then, the metallisation schemes of the Ohmic 

and Schottky contacts are described, showing their role in enhancing device performance. To 

show the current performance capabilities of AlGaN/GaN HEMTs, their state-of-the-art is 

provided. Additionally, the advantages and disadvantages of AlGaN/GaN heterojunction in 

comparison to bulk GaN based technologies are given. Degradation mechanisms, (i) self-

heating, (ii) bulk-trapping, and (iii) surface trapping, are then discussed. Furthermore, a 

description of non-invasive characterisation techniques that are used throughout this Thesis is 

summarised. Finally, the challenges that are preventing widespread commercial and industrial 

development of AlGaN/GaN HEMTs are discussed, providing a basis to the rationale of this 

research. 

2.1. tƘȅǎƛŎŀƭ tǊƻǇŜǊǘƛŜǎ ƻŦ LLLπb aŀǘŜǊƛŀƭǎ 

This section describes two commonly used crystal structures (Wurtzite and Zinc-blende). In 

addition, the several material properties of GaN (the III-N material of focus for this Thesis) are 

discussed, including bandgap, electron drift velocity, electron mobility, electron effective mass 

and energy, and thermal conductivity. Finally, a major beneficial factor known as polarisation, 

namely spontaneous and piezoelectric polarisation, of III-N materials is explained.  

2.1.1. /Ǌȅǎǘŀƭ {ǘǊǳŎǘǳǊŜ 

The crystal structure of group III-N based semiconductor materials (i.e. GaN, AlGaN, AlN, 

InN) is either (i) Wurtzite (ɻ-phase) or (ii) Zinc-blende (ɼ-phase). 

The GaN Wurtzite crystal, illustrated in Figure 2.1, is a stable and hexagonal structure that is 

non-centrosymmetric; it lacks inversion symmetry. In this structure, there are strong bonds of 

Ga and N, owing to the large bandgap of 3.4 eV in comparison to Zinc-blende structure of 3.2 
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eV. GaN is most commonly used in its Wurtzite crystal form with [0001] orientation when used 

in HEMTs. This crystal structure is also thermodynamically stable, which allows for its good 

thermal resistance. This is important to avoid disrupting the alignment of GaN atoms when 

subjected to intense heat of over 600 oC given by annealing of Ohmic contacts during device 

fabrication. The Zinc-blende crystal structure is a meta-stable, face-centred cubic crystal 

structure. This structure is more common in conventional III-V semiconductors (e.g. GaAs, InP, 

and InSb) [63], [64]. In this Thesis, we focus on GaN in its Wurtzite form as it is the optimal 

crystal structure for our purposes [65], [66]. 

2.1.2. aŀǘŜǊƛŀƭ tǊƻǇŜǊǘƛŜǎ 

III-N semiconductor materials own exceedingly more beneficial material properties that 

dominate other conventional semiconductors. These include wide bandgap, high electron drift 

velocity, high electron mobility, good thermal stability, and relatively high thermal conductivity. 

Knowledge of the properties of III-N materials is essential for understanding device physics of 

AlGaN/GaN HEMTs.  

2.1.2.1.  .ŀƴŘƎŀǇ 

The band gap (Ὁ) of a material is defined as the minimum energy required for an electron to 

move from the valence band (Ὁ) to the conduction band (Ὁ). This can be described as the 

difference in energy between the top of the valence band and the bottom of the conduction band 

of a material: 

 

Figure 2.1: Crystal structure of GaN in Wurtzite form [67]. 

 

Aluminium 

Gallium 
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Ὁ Ὁ Ὁ (2.1) 

Materials with large band gap (> 9 eV) are considered to be insulators, zero bandgap for 

conductors, and in between for semiconductors. The wide band gap of GaN in Wurtzite crystal 

structure is 3.4 eV. This allows for its application in various high power applications. 

Additionally, direct band gap of GaN is the reason for its success in the blue LED market. 

The bandgap of GaN is considered to be thermally stable, as modelled by the following 

equation: 

Ὁ Ὁȟ
‌Ὕ

‍ Ὕ
 

(2.2) 

where Ὁȟ  = 3.47 eV is the band gap at 0 K, ‌ = 0.8 meV K-1 and ‍ = 800 K are empirical 

constants for GaN, and Ὕ is the lattice temperature. These empirical constants for GaN are 

gathered from the research into modelling the band gap [68]. 

2.1.2.2.  9ƭŜŎǘǊƻƴ 5ǊƛŦǘ ±ŜƭƻŎƛǘȅ 

The electron drift velocity is the average velocity that electrons attain within a material due to  

an applied electric field. It is essential for this property to be enhanced in order for devices to 

perform at high frequency. Using our in-house Monte Carlo simulators, the relationship 

between electron drift velocity and electric field at different lattice temperatures, ranging from 

300 K to 700 K, is calculated, as shown in Figure 2.2. The linearity of drift velocity with electric 

field decreases at ~20 kV cm-1, as a result of polar optical phonon emission [69]. Although, this 

phenomenon vanishes at high lattice temperatures. The peak drift velocity at 300 K and 700 K 

of 3 Ĭ 107 cm s-1 and 2.3 Ĭ 107 cm s-1 is reached at 150 kV cm-1 and 210 kV cm-1, respectively. 

This can be explained by the fact that electrons gain enough energy for a transfer into the 

satellite valleys by intervalley phonon scattering. The increased relaxation of electron energy 

and momentum results in a higher critical electric field for heating electrons, which increases 

the probability of electron scattering into the satellite valleys. Thus, if we assume the constant 

separation energy for satellite valleys (we neglect a band gap renormalisation due to the change 

in temperature), the critical electric field increases with temperature, while the peak drift 

velocity decreases. However, the saturation velocity shows a reduction of 20 % in the 

temperature range of 300 K to 700 K, as shown in Figure 2.3. To note, a very good agreement 



 

CHAPTER 2 AlGaN/GaN-BASED DEVICE FUNDAMENTALS 

   

 

19 

 

is obtained when our results are compared to [70]. 

 

Figure 2.2: Electron drift velocity versus electric field in GaN for different lattice temperatures 

(from 300 to 700 K by a step of 50 K). The inset compares measured (dashed line) low field 

electron mobility of GaN as a function of the lattice temperature with Monte Carlo simulations 

(solid line). 

 
Figure 2.3: Saturation velocity of GaN versus lattice temperature. Comparison between the results 

of [70] (dash line) and the Monte Carlo data (solid line). 



 

CHAPTER 2 AlGaN/GaN-BASED DEVICE FUNDAMENTALS 

   

 

20 

 

2.1.2.3.  9ƭŜŎǘǊƻƴ aƻōƛƭƛǘȅ 

Similar to all semiconductor materials, the drift velocity per unit of electric field (electron 

mobility) of GaN is temperature dependent. Figure 2.4 shows measured and Monte Carlo 

calculated low field mobility at ὔ  = 1015 cm-3 and ὔ  = 1017 cm-3. The electron mobility 

saturation is observed at very high lattice temperature, primarily limited by longitudinal optical 

phonon scattering. The measurements of low field mobility have been carried out in the 

temperature range of 300 to 500 K, due to the limitation of the Hall effect measurement. We 

observed a large drop of the electron mobility between ὔ  = 1015 cm-3 and ὔ  = 1017 cm-3. The 

Monte Carlo data is compared to experimental results [71] showing very good agreement.  

2.1.2.4.  9ƭŜŎǘǊƻƴ 9ŦŦŜŎǘƛǾŜ aŀǎǎ ŀƴŘ 9ƴŜǊƎȅ 

Taking into account the electron scattering terms and degeneracy, our Monte Carlo simulations 

show that the electron effective masses and energy relaxation times are nearly identical for all 

considered lattice temperatures (Figure 2.5 and Figure 2.6) [72]ï[75]. 

At low applied electric field, low electron energy, charge carrier scattering is dominated by (i) 

acoustic deformation potential scattering, (ii) piezoelectric phonon scattering and (iii) impurity 

scattering. At this point, electron temperature is less than the polar optical phonon temperature. 

Therefore, polar optical phonon emissions rarely occur and free carriers with low effective 

 

Figure 2.4: Low field mobility of GaN versus lattice temperature. Measured (circles) and 

Monte Carlo data at ὔ  = 1015 cm-3 (solid line) and ὔ  = 1017 cm-3 (dashed line). 
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mass are a majority. At the critical electron energy of ~2.2 eV and beyond, electrons are excited 

to higher energy valleys in the conduction band, whereby their effective mass is increased. 

With higher effective mass, greater collisions occur that increases the charge carrier scattering 

and reduces steady-state velocity. 

 

 

 

Figure 2.5: Effective mass as a function of electron energy at different lattice temperatures (from 

300 K to 700 K by step of 50 K). 

Figure 2.6: Energy ï electric field characteristics at different lattice temperatures (from 300 K to 

700 K by step of 50 K). 
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The increase of average electron energy with electric field is shown in Figure 2.6. Initially, the 

electron energy remains low and close to the thermal energy given by σςϳὯὝ; where Ὧ is 

Boltzmannôs constant. This is due to the energy gained by electrons through the applied electric 

field being lost via polar optical phonon scattering. From the critical electric field (~180 kV 

cm-1) to ~320 kV cm-1, both polar optical phonon and intervalley scattering remain at relatively 

low rates. Hence, a large increase of energy occurs. The energy gain begins to saturate towards 

320 kV cm-1 as intervalley scattering begins whereby an energy balance is re-established. To 

note, elastic scattering mechanisms such as acoustic deformation potential scattering, 

piezoelectric scattering, and impurity scattering do not impact the energy of the charge carriers.  

2.1.2.5.  ¢ƘŜǊƳŀƭ /ƻƴŘǳŎǘƛǾƛǘȅ 

The thermal conductivity, ‗, is the property that characterises heat dissipation throughout a 

material. High power applications are particularly favoured devices that use high thermal 

conductivity materials for their ability to reduce self-heating and effective thermal management. 

The thermal conductivity dependency on temperature can be defined as [76]: 

‗ ‗
Ὕ

σππ
 

(2.3) 

Where ‗  is the thermal conductivity at 300 K and ‌ is a fitting parameter. Using Equation 

(2.3) and parameters summarised in Table 2.1 for each substrate, the behaviour of thermal 

conductivity of several commonly used substrates (i.e. GaN, Si, SiC and Al2O3) with respect 

to lattice temperature is shown in Figure 2.7. 

SiC is shown to be a good candidate in terms of thermal conductivity for low lattice 

temperatures. However, it degrades significantly when reaching higher temperatures. In 

addition, from a GaN-based device point of view, the influence of phonon scattering from the 

large thermal mismatch between the GaN buffer layer and SiC substrate induces greater 

thermal resistance at the GaN/SiC interface. Ideally, for high temperatures, GaN would be the 

optimal substrate, although, it is very costly for growing wafers with a GaN substrate. 

Therefore, SiC is the optimal substrate to use in terms of thermal conductivity. To note, Si 

would not be the most optimal in terms of thermal dissipation but will be the most beneficial 

substrate to use for co-integration of GaN-based devices into existing applications. Despite its 

low thermal conductivity, Al2O3 is still considered as a good candidate for optical applications. 
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2.1.3. tƻƭŀǊƛǎŀǘƛƻƴ 

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

that is enhanced by its Wurtzite structure. This is a vital characteristic necessary for providing 

high electron mobility and allowing high power capabilities when forming the AlGaN/GaN 

heterostructure. The lattice (ὥ, ὥ, ὧ), piezoelectric (‐, ‐) and elastic parameters (ὅ , ὅ ) 

for GaN and AlN, shown in Table 2.2, are used in the calculation of both spontaneous and 

piezoelectric polarisations that are later discussed. 

Table 2.1: Thermal conductivity at 300 K and fitting parameters for each substrate used to measure 

thermal conductivity behaviour. 

Material ⱦ  [W m-1K-1] ♪ 

GaN 125 -0.43 

Si 148 -1.33 

SiC 330 -1.61 

Al2O3 23.1 -1 
 

 

Figure 2.7: Model of thermal conductivity ï temperature characteristics of various substrates (GaN, 

Si, SiC, Al2O3) using model of Equation (2.3) and thermal conductivities at 300 K and fitting 

parameters from Table 2.1. 

Table 2.2: Structural parameters for AlN and GaN 

Material ╪ ╪  ╬ Ⱡ  Ⱡ  ╒  ╒  

GaN 3.197 5.210 5.185 -0.37 0.67 68 354 

AlN 3.108 4.983 4.982 -0.62 1.50 94 377 
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2.1.3.1.  {ǇƻƴǘŀƴŜƻǳǎ tƻƭŀǊƛǎŀǘƛƻƴ 

The lack of inversion symmetry in the Wurtzite structure along its pyroelectric axis (c-axis) 

and the difference in electronegativity of Ga (1.81) and N (3.04) are the origins of spontaneous 

polarisation (ὖ ). Spontaneous polarisation is induced by opposite sheet charges that occur at 

the faces of the Wurtzite crystal; positive sheet charge at one face and negative sheet charge at 

the other relative to the direction of the crystal, hence the use of [0001] crystal direction.  

This opposite sheet charge is a result of a difference in electronegativity (the tendency for an 

atom to attract electrons) in the Ga-atoms and N-atoms that causes the Ga-N bond to exhibit 

mixed ionic-covalent bonds. Hence, the GaN compound is subjected to an electric dipole 

moment, a measure of polarity in a compound. As the arrangement of bonds in a GaN Wurtzite 

crystal is not perfectly symmetrical, the ideal unit cell height (ὧ) and the lattice constant (ὥ), 

are not equal. Therefore, there are opposite charges at the Ga-face of the crystal compared with 

the N-face. 

For spontaneous polarisation to occur, there needs to be a difference in the ideal ὧ to ὥ ratio 

of 1.633. Given the ὧȾὥ ratio of AlN (1.6030) and GaN (1.6218) provided in Table 2.3 [77], it 

is clear that the ratio is not ideal. Greater difference in ὧȾὥ occurs for AlN than GaN and, 

therefore, greater spontaneous polarisation occurs in AlN than GaN. 

Table 2.3: Spontaneous polarisation parameters for AlN and GaN 

Parameter AlN GaN 

╬Ⱦ╪ 1.6030 1.6218 

╟╢╟ [C/m
2] -0.090 -0.034 

 

For different materials, the spontaneous polarisation can be seen in Figure 2.8. This shows the 

linear Vegard-like interpolation and the second order approximation of spontaneous 

polarisation in disordered ternary nitride alloys. This approximation is calculated using the 

parabolic model and bowing parameters [78]. It can be seen that the higher the lattice mismatch 

constants between each ternary, the higher the spontaneous polarisation. 

ὴὃὄ ὔ ὼὴὃὔ ρ ὼὴὄὔ ὦ ὼρ ὼ (2.4) 

where ὴ is the arbitrary band-gap energy parameter, ὦ is the bowing parameter (AlGaN = -0.8 

eV, AlInN = -3.4 eV, and InGaN = -1.4 eV. 
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2.1.3.2.  tƛŜȊƻŜƭŜŎǘǊƛŎ tƻƭŀǊƛǎŀǘƛƻƴ 

Piezoelectric polarisation (ὖ ) is induced when a material is subjected to mechanical stress. 

Mechanical stress originates from the elastic behaviour of the material governed by its elastic 

stiffness constant, a measure of how ñhardò the material is. As a result, a charge develops in 

the crystal structure of a material when piezoelectric polarisation is induced. The piezoelectric 

polarisation is positive for when the AlGaN layer is compressively strained and negative for 

tensile strain. 

The piezoelectric polarisation is calculated by: 

ὖ ςϽ
ὥ ὥ

ὥ
‐ ‐ Ͻ

ὅ

ὅ
 (2.5) 

where ‐ and ‐ are the piezoelectric coefficients, and ὅ  and ὅ  are the elastic constants.  

Polarisation effects that stem from a strained material. Electrical polarisation effects in a 

material is given by the summation or difference between spontaneous and piezoelectric 

polarisation: 

 

Figure 2.8: Spontaneous polarisation with respect to lattice constant of multiple compounds. The 

dashed red lines show linear Vegard-like interpolation, solid black lines show the approximation to 

second order in disordered ternary nitride alloys. 
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ὖ ὖ ὖ  (2.6) 

2.2. !ƭDŀbκDŀbπ.ŀǎŜŘ 5ŜǾƛŎŜ {ǘǊǳŎǘǳǊŜ 

This section provides fundamental information on the structure, operation and growth of 

AlGaN/GaN-based devices. To begin, how a high density 2DEG is formed through the 

AlGaN/GaN heterostructure is explained. From then, the primary device used throughout this 

Thesis, an AlGaN/GaN HEMT, is described in terms of its structure, operation and growth 

techniques. The benefits of various substrates that these devices are grown on is compared. 

Ohmic and Schottky contacts used for control over the operation of AlGaN/GaN HEMTs are 

then described. The state-of-the-art AlGaN/GaN HEMTs that are produced by various 

international companies are shown. Lastly, the advantages that AlGaN/GaN HEMTs have over 

other materials and their disadvantages, in terms of degradation mechanisms that impact device 

reliability, are discussed. 

2.2.1. нπ5ƛƳŜƴǘƛƻƴŀƭ 9ƭŜŎǘǊƻƴ Dŀǎ όн59Dύ CƻǊƳŀǘƛƻƴ 

The formation of a 2DEG channel is a vital property of AlGaN/GaN-based devices. Through 

inducing strain, by the growth of a heterojunction, piezoelectric polarisation within the strained 

material is induced. This piezoelectric polarisation greatly contributes towards the formation 

of a high density 2DEG channel, to be described in the following sections. 

2.2.1.1.  {ǘǊŀƛƴ 

The interface between two semiconductor layers of different lattice constants, and therefore 

different bandgaps, is known as a heterojunction, e.g. AlGaN/GaN. As there is a mismatch in 

lattice constants between AlGaN and GaN, simply growing a thin AlGaN layer on top of GaN 

will cause mechanical strain within the AlGaN layer, as illustrated in Figure 2.9. Mechanical 

stress originates from the elastic behaviour of the material governed by its elastic stiffness 

constant, a measure of how ñhardò the material is. The AlGaN layer experiences strain in both 

x and y direction (biaxial strain) due to deformation of the material to align with GaN. The 

tensile strain (‐) in AlGaN increases its lattice constant and aligns its atoms with those of GaN 

to create a heterojunction. The lattice mismatch and the amount of strain applied to the AlGaN 

layer can be calculated by [79], [80]: 
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Ўḳ
ȿὥ ὥ ȿ

ὥ
 

(2.7) 

 

‐ ῳϽρ ὶ (2.8) 

where ὶ is the amount of strain relaxation. 

2.2.1.2.  tƻƭŀǊƛǎŀǘƛƻƴ  

Piezoelectric polarisation is induced as a result of tensile strain in the thin AlGaN barrier layer 

[81]. The ὖ   and ὖ   in a typical AlGaN/GaN HEMT are illustrated in Figure 2.10. ὖ   is 

negative, same as the ὖ , for tensile strain when the AlGaN layer is grown on top of GaN. ὖ  

is inherent in both AlGaN and GaN. The ὖ  is, however, induced in the strained AlGaN barrier 

 

Figure 2.9: Illustration of how AlGaN is strained upon growth on GaN to form 2DEG. 

 

Figure 2.10: Spontaneous and piezoelectric polarisation as well as charge that produces a 2DEG in 

a typical AlGaN/GaN HEMT. 
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layer, but not in the relaxed GaN buffer layer. This produces negative charge at the top of the 

AlGaN layer and positive charge at the bottom. To note, ὖ   can be positive for when the 

AlGaN layer is compressively strained. This strain forms defects in AlGaN, the effects of which 

are discussed in Section 3.2. 

2.2.1.3.  нπ5ƛƳŜƴǎƛƻƴŀƭ 9ƭŜŎǘǊƻƴ Dŀǎ όн59Dύ 

The discontinuity of the polarisation (ὖ  and ὖ ) at the interface of AlGaN/GaN is the origin 

of quantum well creation, also known as 2DEG formation. The importance of ὖ  and ὖ  on 

energy band in AlGaN/GaN HEMTs is shown in Figure 2.11, illustrating the band bending 

influence that each polarisation has on the quantum well formation. 

For up to 35 % Al concentration, the piezoelectric polarisation has the greatest influence on the 

band bending and, therefore, 2DEG density. 

The energy band diagram of the heterostructure of a basic AlGaN/GaN HEMT is given in 

Figure 2.12. There is a large conduction band offset (ЎὉ) of 0.68 eV for Al0.27Ga0.73N and 

GaN that is created due to the difference in affinity between Al0.27Ga0.73N and GaN of 3.14 eV 

and 3.5 eV, respectively [83]. The 2DEG density (ὲ) can be increased with (i) greater  

 

Figure 2.11: AlGaN/GaN energy band diagram demonstrating effects of ὖ  and ὖ  on conduction 

energy band [82]. 
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concentration of Al in AlGaN, and (ii) increased AlGaN barrier thickness, shown in Figure 2.13 

given by the Schrodinger-Poisson 1D model [84]. However, increasing these parameters 

beyond its optimal value will cause the strain in the AlGaN barrier to relax. Hence, typically 

used parameters are around 30 to 40 % Al concentration and 20 nm barrier thickness. Although 

ὲ  is shown to be greater with increased Al concentration beyond 40 %, it is not used in 

practicality as access resistance increases as a result. We propose an optimisation of Ohmic 

contacts in order to reduce the access resistance, which may allow for greater Al concentrations, 

and/or an AlN exclusion layer to be feasible. 

 

Figure 2.12: Band structure of AlxGa1-xN/GaN heterostructure showing 2DEG formation at the 

AlxGa1-xN/GaN heterojunction as a result of quantum well formation. 

 

Figure 2.13: 2DEG sheet density relationship with AlGaN mole fraction. 



 

CHAPTER 2 AlGaN/GaN-BASED DEVICE FUNDAMENTALS 

   

 

30 

 

2.2.2. IƛƎƘ 9ƭŜŎǘǊƻƴ aƻōƛƭƛǘȅ ¢ǊŀƴǎƛǎǘƻǊ όI9a¢ύ 

2.2.2.1.  5ŜǾƛŎŜ {ǘǊǳŎǘǳǊŜ 

A practical example of the structure of an AlGaN/GaN HEMT is described in this section. In 

this device, a thick layer of GaN (around 2 to 3 Õm to ensure strain relaxation in buffer) is 

grown onto a substrate (i.e. Si, SiC, and Al2O3) by either (i) molecular beam epitaxy (MBE) or 

(ii) metal organic chemical vapor deposition (MOCVD). Using the same epitaxy material 

growth technique as chosen for the buffer, a thin layer of AlxGa1-xN (around 20 nm) is grown 

on top of the GaN layer. Typically, the concentration percentage (x) of aluminium (Al) in 

AlxGa1-xN is up to 0.40. Higher concentrations of Al in this basic structure will result in 

relaxation of the AlGaN layer, reducing the strain of the material and, therefore, the 2DEG 

sheet density. Additional layers have been implemented into this structure in order to enhance 

the performance of the device. The following states the layersô (from bottom to top) typical 

properties and purposes that are used in more recently developed AlGaN/GaN based HEMTs. 

¶ Substrate ï The AlGaN/GaN HEMT is typically grown on a non-native substrate (i.e. 

Si, SiC, and Al2O3). The selection of the substrate is governed by four factors (i) 

resistivity, (ii) thermal conductivity, (iii) capable wafer size, and (iv) cost. 

¶ Nucleation layers ï A thin set of AlN, AlGaN and/or GaN layers (10 to 20 nm each) is 

grown on the substrate. These layers reduce the lattice mismatch between the buffer 

layer and the substrate. Hence, interface roughness is reduced, which reduces the 

thermal resistance between the buffer and substrate, allowing greater heat dissipation 

from the 2DEG to the substrate. Additionally, these layers increase the vertical 

breakdown voltage by reducing the vertical electric field between the drain side and the 

substrate. The choice of nucleation layers is dependent on the epitaxial growth 

technique and substrate that is used. 

¶ Back-Barrier Layer ï A thick and low Al concentration (x < 0.15) AlxGa1-xN layer (1 

to 2 Õm) can be used to reduce leakage current in the buffer layer. As a result, greater 

energy is required by electrons to overcome the energy back-barrier and leak into the 

buffer layer. 

¶ Buffer Layer ï A thin GaN layer (>15 nm) is used as the buffer layer when grown upon 

a back-barrier layer. This forms a quantum well and enhances the 2DEG confinement. 
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If there is no back-barrier layer then a thick buffer layer of GaN (2 to 3 Õm) is employed 

to ensure strain relaxation. 

¶ Exclusion Layer ï A very thin aluminium nitride (AlN) layer (1 nm) is an option for 

reducing alloy scattering beneath the Ohmic contacts and improving carrier 

concentration in the 2DEG. However, this layer prevents optimal Ohmic contact 

formation, which degrades the source/drain access resistance. This degradation is 

discussed in Section 5.2. 

¶ Barrier Layer ï A thin layer of AlxGa1-xN (~20 nm), where x < 0.40, is grown above 

the exclusion layer or GaN buffer layer. This is to induce piezoelectric polarisation and, 

therefore, 2DEG formation.  

¶ Cap Layer ï To prevent oxidation and defect formation at the surface of the barrier 

layer, the implementation of a very thin GaN layer (1 to 2 nm) is common.  

¶ Passivation Layer ï A thin silicon nitride (Si3N4) or silicon dioxide (SiO2) layer (~200 

nm) grown after device fabrication to minimise defect formation at the surface of the 

device. 

2.2.2.2.  5ŜǾƛŎŜ hǇŜǊŀǘƛƻƴ 

The AlGaN/GaN HEMT consists of 3-terminals (source, gate, and drain) and is a modification 

of a metal-semiconductor field-effect transistor (MESFET). The three metal terminals are 

given of which the source and drain terminals are made up of Ohmic contacts and the gate 

terminal is made of a Schottky contact. The gate terminal is placed more towards the source 

side (asymmetrical gate) to reduce the high electric fields between the drain and the gate that 

occur under high drain voltages. This increases the HEMTs lateral breakdown voltage and 

reduces self-heating within the device.  

An AlGaN/GaN HEMT cross-section with an illustration of its operation under ON-state and 

OFF-state conditions is shown in Figure 2.14(a) and (b), respectively. The devices used 

throughout this Thesis are normally-ON, the 2DEG is formed without applying a voltage on 

the gate terminal (VGS). The switching from ON-state (VGS > VTH) to OFF-state (VGS < VTH) is 

controlled by applying VGS, which controls the 2DEG sheet density in the channel. In OFF-

state conditions, VGS < VTH, the 2DEG will deplete, thereby preventing current flow through 

the device.  
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The applied VGS controls the 2DEG sheet density in the channel. The drain-to-source voltage 

(VDS), however, governs the conductance in the channel. Figure 2.15 shows the vertical 

conduction band edge profile, at the middle gate of an AlGaN/GaN HEMT, in (a) ON-state and 

(b) OFF-state. The relative distance between the conductuion band edge and the Fermi level 

(Ὁ) is influenced by VGS. This lowers the conduction band energy, in respect to Ὁ, when 

positive, providing a larger 2DEG. Closing the channel involves raising the conduction band 

energy above Ὁ, by applying VGS < VTH. 

 

Figure 2.14: Illustration of GaN-based HEMT with AlGaN/GaN heterostructure and Si3N4 

passivation when the device is in (a) ON-state, and (b) OFF-state. 

 

Figure 2.15: Influence of the gate voltage on the energy band structure: a) ὠ  > ὠ  and b) 

ὠ  < ὠ . 
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2.2.2.3.  {ŜƳƛŎƻƴŘǳŎǘƻǊ DǊƻǿǘƘ ¢ŜŎƘƴƛǉǳŜ 

 Two main growth techniques, molecular beam epitaxy (MBE) and metal-organic chemical 

vapour deposition (MOCVD), are used to grow AlGaN/GaN heterostructures on a range of 

substrates. Generally, MBE is used for research purposes and MOCVD is used for mass 

production. 

A.  aƻƭŜŎǳƭŀǊ .ŜŀƳ 9ǇƛǘŀȄȅ όa.9ύ 

MBE grows the GaN material using elemental sources and heating a substrate in an ultra-high 

vacuum environment, 10-5~10-11 Torr pressure that conserves the purity of the material by 

vacuuming out contaminant molecules that may be trapped inside the material causing defects. 

The instruments used to perform this are illustrated in Figure 2.16. It is particularly used for its 

ability to produce an atomically sharp interface [85]. To begin to grow the GaN crystals using 

this technique, the substrate is heated and then GaN molecules are fired at the heated substrate 

from separate beams as relatively precise beams known as effusion cells. Control over these 

effusion cells stems from shutters that cover the beams when an unequal amount of two 

molecules or more are required, e.g. Al0.3GaN0.7; here, molecules that hit the substrate then 

condense. The condensed molecules impinge on the surface of the substrate, at a flux rate 

determined by the effusion cells, which then migrate towards other condensed molecules 

forming islands. This eventually forms an ultra-thin crystalline layer of GaN, as shown in 

Figure 2.17. Typically the Frank-van der Merwe (layer-by-layer) growth mode is adopted for 

buffer layer growth on HEMT devices when using MBE. 

 

Figure 2.16: Molecular Beam Epitaxy layer-by-layer growth on substrate process. 
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 There are several processes that the GaN molecules may adopt during this growth process. 

The molecules may become adsorbed onto the substrate or GaN surface through weak, physical 

bonds via Van Der Waals forces (physisorbed), molecules become chemically bonded to the 

surface through an electron exchange process (chemisorbed), or molecules will diffuse about 

the surface from energy provided by the substrate which provides growth [86]. Continuing the 

process, a second crystalline layer is built upon this and the process repeats until eventually a 

thick GaN layer is formed. Unfortunately, temperatures lower as the GaN becomes thicker as 

the substrate is the source of heat. This results in interface roughness at the final layers of GaN 

as the source temperature (speed of molecular arrival and flux rate) does not provide enough 

energy for the GaN molecules to migrate towards the GaN islands hence the necessity for such 

substrate that requires high temperatures to provide sufficient flux. 

B. aŜǘŀƭπhǊƎŀƴƛŎ /ƘŜƳƛŎŀƭ ±ŀǇƻǳǊ 5ŜǇƻǎƛǘƛƻƴ όah/±5ύ 

MOCVD, or Metal-organic vapour-phase epitaxy (MOVPE) is the growth of thin layers of 

compound semiconducting materials via co-pyrolysis of organometallic compound and hydride 

combinations. This is the primary technique of growth for virtually all III-N compounds using 

chemical reaction, as opposed to physical deposition that MBE harnesses. In comparison, 

 

Figure 2.17: Molecular Beam Epitaxy (MBE) instruments used for growing AlGaN/GaN-based 

devices. 
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MOCVD is a much faster process, films grown at ~1 Õm min-1, when compared to MBE and a 

much cheaper alternative [87]. This is the thermochemical decomposition of materials by 

reaction with vapour-phase precursors, e.g. the gaseous state of ammonia (NH3) used to 

chemically react with GaN, when under high temperatures, between 1000 to 1100 oC for GaN 

and above 1100 oC for AlGaN , due to the high chemical bond strength of GaN and typically 

under low pressure, between 15 to 750 Torr. Growth of GaN on substrate results in Ga-face 

polarity unlike the N-face polarity of MBE. 

The system used to achieve growth of semiconductor materials using MOCVD is illustrated in 

Figure 2.18. This process involves forming oriented ɓ-Ga2O3 nanoclusters at the surface of the 

substrate after exposure to Ga. From then, strong N2 reactivity from a nitridation process under 

high plasma power and substrate temperature for a long time, whereby GaN nucleation occurs. 

With greater nucleation, coalescence of GaN occurs due to the decreasing distance between 

GaN nucleators. This process iterates to produce columnar growth of GaN which then leads to 

lateral growth to complete the MOCVD process. This process is illustrated in Figure 2.19. 

Although, several issues occur with this method of growth. Due to the high temperatures 

required for deposition there is reduced control on the growth of GaN, one main concern is 

surface roughness. Although, the implementation of an AlN buffer layer deposited on the 

sapphire substrate improves the electrical and crystal qualities of grown GaN. High volatility 

of N results in a large concentration of NH3 present in the gas. 

 

Figure 2.18: Schematic diagram of the MOCVD deposition system [26]. 
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2.2.3. {ǳōǎǘǊŀǘŜ /ƘƻƛŎŜ 

An appropriate choice of substrate can provide significant advantages to the performance of 

the device that is grown on top of it. Some factors that determine the viability of the chosen 

substrate are: (i) the resistivity (ii) thermal conductivity; (iii) lattice mismatch at the 

buffer/substrate interface; (iv) density of dislocations; (v) cost per unit area; and (vi) size of the 

wafer. In addition, the lattice mismatch at the buffer/substrate interface, given by Equation 

(2.9), needs to be carefully considered when designing the device architecture. 

ὒὥὸὸὭὧὩ ὓὭίάὥὸὧὬ Ϸ ρππ
ὥ ὥ

ὥ
 (2.9) 

where ὥ   and ὥ   is the in-plane lattice constant of the buffer and substrate layer, 

respectively. 

Lattice mismatch is a source of buffer/substrate interface roughness, dislocations in the buffer, 

and defect generation, reduction of AlGaN/GaN HEMT RF performance. It is also responsible 

for thermal resistance increase at this interface, reducing the dispersion of the heat out of the 

device and into the substrate.  

 

Figure 2.19: MOCVD illustration showing how reactants are deposited onto the substrate to form 

layers of semiconductor compounds [88]. 
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A summary of the material properties that are valuable for viability as a substrate in 

AlGaN/GaN based devices is given in Table 2.4. 

 

2.2.3.1.  {ƛƭƛŎƻƴ ό{ƛύ 

Si is by far the most widespread semiconductor material used in the semiconductor industry. 

Therefore, it has very high commercial availability as a substrate for various wafer diameters 

(from 2 to 12-inch) and has low cost to manufacture, due to the well-established fabrication 

techniques. The thermal conductivity of Si (100) is not exceptionally high, with a value of 1.5 

W cm-1K-1 [89]. Also, the lattice constant of Si (100) is high (5.431 ¡) in comparison to GaN 

(3.189 ¡) [90], [91]. Hence, the use of Si (111) is a preferred option due to its lower lattice 

constant (3.366 ¡), higher thermal conductivity (2.5 W cm-1K-1) and higher resistivity (6.0 

Ý.cm) [92]ï[94]. The vast majority of silicon substrates, Si (111) in particular, are high purity 

(1 part dopant per million). 

2.2.3.2.  {ƛƭƛŎƻƴ /ŀǊōƛŘŜ ό{ƛ/ύ 

4H-SiC and 6H-SiC, although not as abundant as Si, is widely available in the semiconductor 

industry, but for relatively small wafers (up to 4-inch). These substrates are expensive to 

manufacture in comparison to other materials. Regardless, SiC is the most commonly used 

substrate for commercialised AlGaN/GaN HEMTs. This is due to their high thermal 

conductivity, ranging from 3.7 to 4.9 W cm-1K-1, and their low lattice mismatch with GaN 

(<3.4%) [93], [95]. This is particularly useful for AlGaN/GaN HEMTs in high-power 

applications as these substrates dissipate the heat more effectively than other conventinal 

substrates. 

Table 2.4: A comparison of the relevant material properties of substrates typically used in 

AlGaN/GaN based devices. 

Property GaN Si(100) Si(111) 4H-SiC 6H-SiC Al2O3 

Lattice Constant, 

╪ (¡) 

3.189 5.431 3.366 3.073 3.073 4.758 

Lattice Mismatch, 

(%) 

0 41.3 5.3 3.4 3.4 34 

Thermal Conductivity, 

ⱦ (W cm-1.K-1) 

1.3 1.5 2.5 3.7 4.9 0.5 
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2.2.3.3.  {ŀǇǇƘƛǊŜ ό!ƭнhоύ 

Al2O3 is a readily available substrate with wafers of up to 8-inches in diameter and is also cost 

effective. The thermal conductivity, however, is very low at 0.5 W cm-1K-1 [96]. In addition, 

with a lattice constant of 4.758 ¡, the lattice mismatch is higher than other substrates (34%) 

[97]. Here, a large defect density will be present from the large lattice mismatch and, under 

normal operation, AlGaN/GaN HEMTs would experience higher temperatures compared to 

other materials. For this reason, this material is a good option for optical applications. 

2.2.3.4.  DŀƭƭƛǳƳ bƛǘǊƛŘŜ όDŀbύ 

GaN substrates are not abundantly available but can reach diameters up to 6 inches. 

AlGaN/GaN HEMT grown on a GaN substrate is lattice mismatch free (0 %); this is known as 

homoepitaxial growth. As a result, there is greater power performance at higher frequency. For 

AlGaN/GaN-on-GaN device applications, particularly blue LEDs, there is a much greater 

device lifetime when comparing with other substrates. Although the thermal conductivity of 

GaN (1.3 W cm-1K-1) is less than SiC, the interface thermal resistance does not occur [98]. This 

is significantly beneficial for heat dissipation via the substrate. Therefore, GaN substrates are 

considered as a viable option for high-frequency and RF applications but better alternatives are 

available for high-power operation (SiC). 

2.2.4. !ƭDŀbκDŀb I9a¢ǎ {ǘŀǘŜ ƻŦ ǘƘŜ !Ǌǘ 

As described in Chapter 1, AlGaN/GaN HEMTs have considerably high power (up to 40 W 

mm-1) and high frequency (up to 100 GHz) properties. A visual representation of the state-of-

the-art AlGaN/GaN HEMTs from numerous manufacturers and universities is provided in 

Figure 2.21 by comparing the maximum output power with the maximum operating frequency 

[99]ï[116]. It can be seen that AlGaN/GaN HEMTs grown on SiC substrates provide higher 

maximum power than Si. This is due to the high thermal conductivity of SiC in comparison to 

other substrates. Although, the growth of GaN on SiC results in interface roughness between 

GaN/SiC. This interface roughness causes the GaN/SiC interface to act as a thermal resistor 

which keeps heat within the device. The interface roughness issue also occurs with GaN/Si. 

Regardless, AlGaN/GaN on SiC is clearly a better but ~10 times expensive option than using 

Si substrates, provided by the Institute of Electronics, Microelectronics and Nanotechnology 

(IEMN) in the University of Lille. For the purposes of this research, devices on Si substrate 
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will be used as they are less expensive and (ii) it allows for the co-integration with existing and 

previous Si(111) technologies. 

2.2.5. aŜǘŀƭƭƛǎŀǘƛƻƴ ƻŦ 5ŜǾƛŎŜ /ƻƴǘŀŎǘǎ 

Optimal metallisation of contacts is a necessity to contributing towards the high performance 

characteristics and reliability of any semiconductor device. Their contribution towards 

AlGaN/GaN HEMTs in particular is even greater than other devices due to the high power that 

these devices operate.  

Metal contacts are used to provide charge carrier transport mechanisms to/from the 

semiconductor. The mechanisms of charge carrier transport throughout metal/semiconductor 

junction are:  

1. Thermionic emission (TE) ï Charge carriers move over the top of the contact barrier 

and into/out of the metal contact. 

2. Field emission (FE) ï Charge carriers tunnel through the contact barrier and into/out of 

the metal. 

3. Thermionic field emission (TFE) ï Charge carriers become óhotô and tunnel through the 

top of the contact barrier into/out of the terminal. 

4. Emission by óhoppingô of charge carriers, particularly through deep traps. 

 

Figure 2.20: Benchmarking of state-of-the-art AlGaN/GaN HEMTs on Si and SiC, using power 

saturation vs. frequency, showing the superiority of AlGaN/GaN HEMTs on SiC. 
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These mechanisms are illustrated in Figure 2.21, whereby the dominant mechanism of transport 

in AlGaN/GaN HEMTs is FE for Ohmic contacts and both TE and TFE for Schottky contacts 

[117], [118].  

There are two types of metal contacts present in AlGaN/GaN HEMTs that have different 

metallisations and transport mechanisms: (i) Ohmic contact that is used as the source/drain 

electrode, and (ii) Schottky contact used as the gate electrode.  

2.2.5.1.  hƘƳƛŎ /ƻƴǘŀŎǘ 

The Ohmic contact (source/drain terminals) controls the flow of current through an 

AlGaN/GaN HEMT. Ohmic contacts of low-resistance, high thermal stability and smooth 

morphology are required for optimal performance of AlGaN/GaN HEMTs. These 

characteristics will provide: (i) low device ON-state resistance, (ii) low power dissipation in 

the Ohmic contacts, (iii) maximum drain current, and (iv) high extrinsic transconductance (Ὃ), 

that enhances current gain cut-off frequency (Ὢ), and maximum oscillating frequency (Ὢ ).  

Ohmic contacts are formed through rapid thermal annealing (RTA) at high-temperature and 

tend to have several metal stacks that each play their own role in optimising the Ohmic 

behaviour of the contacts. Typical metal schemes used for the Ohmic contact stacks, from 

bottom-to-top, and their roles are given: 

¶ Titanium (Ti) ï Ti bonds with the nitrogen (N) in the AlGaN barrier layer to form a 

 

Figure 2.21: Illustration of charge carrier transport mechanisms for (i) TE, (ii) FE, (iii) TFE, and 

(iv) emission by óhoppingô; where Ὁ  is the metal Fermi level. 
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TiN alloy when RTA is applied to the contacts. High temperature allows the bonds to 

form, the short time of annealing prevents the reaction of Ti with the GaN buffer layer 

to provide a smooth metal/semiconductor interface. The bonds appear at threading 

dislocations at the metal/semiconductor interface either through rapid diffusion of 

atoms or from nucleation at low energy sites of TiN. This alloy has a lower work 

function, aiding in contact formation and facilitating charge carrier tunneling. N 

vacancies are also created as a result of the alloy formation. This causes the AlGaN 

barrier beneath the contact to become highly n-doped. As there is a thin potential barrier 

which separates the 2DEG and contact, electrons are able to easily tunnel to/from the 

2DEG to the contact. 

¶ Aluminium (Al) ï Al bonds with Ti to form an Al3Ti alloy. This alloy minimises 

oxidation of the Ti layer and, hence, contributes to the conductivity of the contact. Also, 

Al bonds with the N in the AlGaN barrier layer to form an AlN alloy. This results in N 

vacancies which yields a heavily doped interface beneath the contact. Electrons can 

easily tunnel to/from the 2DEG as a result. 

¶ Nickel (Ni), Molybdenum (Mo), Platinum (Pt), or Titanium (Ti) ï The electron 

affinity of this layer is to be lower than that of the semiconductor layer in order to 

provide low sheet resistance at the metal/AlGaN interface. This layer has a low work 

function to achieve this. Additionally, this layer minimises the out-diffusion of Al, the 

in-diffusion of gold (Au), and the intermixing of the Al and Au layers to form Al2Au 

bonds. Al2Au is a highly resistive alloy that is detrimental to the operation of the Ohmic 

contact.  

¶ Gold (Au) ï Au is a highly conductive material which is why it is used in the 

metallisation of the Ohmic contact. In addition to this, Au minimises the oxidation of 

the Ti and Al layers of the contact when annealed at high temperatures which enhances 

the contact conductivity further. 

When Ohmic contacts are formed with RTA at high temperatures, voids are produced beneath 

the TiN alloy. The voids are enhanced by higher annealing temperatures and contribute to the 

contact resistance, reducing the current flow through the HEMT. Voids generation beneath the 

Ohmic contacts are a major reliability issue. Voids increase the contact resistance and as a result 

they inherently affect the high frequency operation of the device [119]. This issue is addressed 
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in Section 5.2. As a result of the bonding of metal stacks, high n-doping concentration is in the 

semiconductor, narrowing the depletion layer. This allows charge carriers to tunnel through the 

barrier layer from the 2DEG to the metal contact, or vice versa, but does not lower the 

conduction band to allow for thermionic emission. Hence, field emission is the primary 

transport mechanism in Ohmic contacts.  

2.2.5.2.   {ŎƘƻǘǘƪȅ /ƻƴǘŀŎǘ 

Schottky contacts are used as the gate terminal for AlGaN/GaN based devices. This contact 

controls the 2DEG density within AlGaN/GaN HEMTs. Upon applying a bias to the gate, the 

2DEG carrier density is modulated at the AlGaN/GaN interface. The defining feature that 

allows this to occur is known as the Schottky barrier height (‰ ). In theory the Schottky barrier 

height is calculated by the following equation: 

‰ ὡὊ  ὼ  (2.10) 

where ὡὊ is the metal work function, and ὼ  is the electron affinity of AlGaN. However, 

this simple relationship between ‰  and ὡὊ has been proven to be incorrect for GaN-based 

devices; see Section 5.3.  

The materials used for the Schottky contacts tend to have high work functions in order to 

prevent leakage current through the gate electrode to/from the 2DEG and barrier layer defects. 

Notable materials with high work functions that are noted for use in Schottky contacts are (i) 

Ni, (ii) Au, and Pt. These materials have a work function of 5.15 eV, 5.10 eV, and 5.65 eV, 

respectively. Here, Pt has the highest work function. Although, it is not used as often in 

AlGaN/GaN based devices due to adhesion problems when deposited on GaN. A solution 

would be to deposit gold between these layers. Although, research has shown that high gate 

leakage current occurs with this metallisation [97]. Therefore, Ni would be the most suitable 

solution to deposit on the AlGaN barrier layer. To enhance this contact, a layer of Au is 

deposited on Ni in order to prevent oxidation of Ni. Hence, the most suitable and widely used 

metallisation for the Schottky contact is Ni/Au.  

The high work function of the deposited Schottky contact metallisation prevents field emission 

from occurring as only the barrier height is modulated. Thermionic emission is therefore the 

primary transport mechanism in Schottky contacts. 
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2.2.6. !ŘǾŀƴǘŀƎŜǎ ϧ 5ƛǎŀŘǾŀƴǘŀƎŜǎ ƻŦ !ƭDŀbκDŀb I9a¢ǎ 

The mechanisms of a typically used AlGaN/GaN device, known as the AlGaN/GaN HEMT, 

has been covered. The (i) wide-bandgap (Ὁ) of 3.4 eV; (ii) high breakdown electric field (Ὁ ) 

of 3.5 MV cm-1; (iii) high electron mobility (‘) of 900 cm2 V-1s-1; (iv) high electron saturation 

velocity (ὺ ) of ρυρπ cm s-1; and (v) low dielectric constant (‐) of 8.9 of III-N materials 

provide distinctive advantages over the conventionally used Si and even other competing 

semiconductor materials. These properties lead to superior high-power and high-frequency 

device performance [15], [120]. In order to show the advantages of AlGaN/GaN HEMTs, first 

the advantages of bulk GaN against other competing semiconductor materials is given. Then, 

the advantages and disadvantages of AlGaN/GaN HEMTs against bulk GaN is provided.  

The benefit of the wide-bandgap in III-N materials is that it allows for high electric breakdown 

field which contributes towards high-voltage (600 V) and high-temperature (600 oC) 

applications. Also, large current density can be achieved, as a result of the high 2DEG electron 

mobility. The high saturation velocity available in III-N materials is another attribute required 

for high-frequency applications. Due to the superiority of the physical properties of GaN over 

its competitors, its ability to integrate itself into applications for high-temperature and high-

frequency switching has proven valuable for the wide-bandgap semiconductor market [30], 

[121].  

2.2.6.1.  /ƻƳǇŀǊƛǎƻƴ ƻŦ aŀǘŜǊƛŀƭ tǊƻǇŜǊǘƛŜǎ 

One of the primary reasons for GaN to be such a valuable pioneer in the semiconductor market 

is its ability to form a heterojunction with other III-N materials grown on top of it; namely, 

AlGaN. As a result, a channel of extremely high 2DEG sheet density, Ó1013 cm-2, is available 

at the AlGaN/GaN heterojunction, owing to the success of AlGaN/GaN-based devices. The 

performance enhancement that polarisation has in AlGaN/GaN-based devices also prevents the 

need to perform elemental doping to the device. There are a number of advantages to not doping 

the device: (i) increase in electron mobility as a result of reduced ionised impurity scattering, 

(ii) device reliability is not degraded further, and (iii) a costly and time consuming process is 

not needed. 

2.2.6.2.  /ƻƳǇŀǊƛǎƻƴ ƻŦ !ƭDŀbκDŀb ŀƎŀƛƴǎǘ Dŀb .ǳƭƪ ¢ŜŎƘƴƻƭƻƎȅ 

A comparison is made between the AlGaN/GaN heterostructure architecture and the classical 
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doped GaN bulk technology to observe its advantages and disadvantages. Advantages include: 

¶ In terms of electron mobility, the AlGaN/GaN heterostructure dominates the doped 

GaN bulk architecture with a significantly high value of mobility exceeding 2000 cm2 

V-1s-1 compared to the Ḑ440 cm2 V-1s-1 capable of the doped GaN bulk [122], [123]. 

Upon doping the GaN bulk, dopant atoms bombard the GaN material, which damages 

its crystalline structure, reducing the carrier mobility in the device. 

¶ Another benefit of AlGaN/GaN is its high 2DEG sheet density (> 1013 cmī2). Such 

density is too difficult to reach using doping implantation in bulk GaN. 

Although, some disadvantages include: 

¶ When passivating the device (e.g. Si3N4 on top of AlGaN) then great care is needed. 

Depositing the passivation layer can permanently modify strain in the AlGaN barrier 

layer, affecting the 2DEG density. 

¶ The gate and source/drain contacts process technologies require particularly accurate 

annealing techniques. Firstly, the source/drain contacts are processed using RTA at high 

temperature and then the gate must be placed afterwards using low temperature in order 

to form a proper Schottky contact. 

¶ Upon depositing the source/drain contacts onto the device, a reduction in strain occurs 

at the inner ends of the contacts that produce a significant rise in self-heating at these 

spatial locations; as discussed in Section 3.2. 

For applications that require high power, frequency and efficiency, the advantages of 

AlGaN/GaN HEMTs over bulk GaN outweigh the disadvantages. The significance of these 

disadvantages have the potential to be reduced as development of AlGaN/GaN HEMTs 

progresses. 

2.2.6.3.  5ŜƎǊŀŘŀǘƛƻƴ aŜŎƘŀƴƛǎƳǎ 

The primary issue of AlGaN/GaN HEMTs that is inhibiting it from reaching mass production 

in the semiconductor market is their reliability. Recoverable degradation such as transient 

reduction in drain current (current collapse), total measured resistance between source and 

drain when the device is in ON-state (on-resistance), and ratio of output power and input power 

(efficiency) contribute towards the degradation of reliability [60]ï[62]. Additionally, 
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unrecoverable degradation (i.e. access resistance of contacts, leakage current) also contributes 

towards reliability degradation. The focus of this Thesis is on identifying the kinetics of three 

degradation mechanisms: (i) self-heating, (ii) bulk trapping, and (iii) surface trapping. A 

description of each is given in the following sections. 

A. {ŜƭŦπIŜŀǘƛƴƎ 

During normal device operation of AlGaN/GaN HEMTs, electrons gain significant energy and 

high velocity due to the large electric field that is induced at the drain-side gate edge. With such 

energy, the electron temperature is high, which causes electrons to bombard the crystal lattice. 

Therefore, the electrons scatter away from the 2DEG and transfer their energy to the crystal 

lattice, increasing the lattice temperature. Hence, the transport properties in AlGaN/GaN 

HEMT are degraded, reducing the device performance. Particularly in these devices, a 

significant amount of self-heating occurs within a very short time. As an example, 

 

Figure 2.22: Self-heating/cooling-down characteristics for (i) experimental measurements using a 

ὡ = 150 µm, ὒ  = 5 µm AlGaN/GaN TLM, and (ii) simulation data for equivalent device [124]; 

ὠ  = 20 V. Self-heating/cooling-down characteristics are shown to be near-symmetrical. 
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characterisation of self-heating at the centre of an AlGaN/GaN TLM with 150 Õm contact width 

(ὡ) and 5 Õm source-to-drain distance (ὒ ) is given via Micro-Raman (Õ-Raman) in Figure 

2.22. The temperature at the centre of the device heats up dramatically, reaching at least 70 % 

of its peak temperature within 2 Õs. The cooling down process begins at 2 Õs, whereby ὠ  is 

set to 0 V. The heating up and cooling down processes are nearly symmetrical. 

An example of the self-heating effect on the output characteristics of an AlGaN/GaN TLM is 

shown in Figure 2.23. The IDS ï VDS characteristics of two AlGaN/GaN HEMTs of 2 Õm and 

16 Õm ὒ   are measured under DC and pulse conditions. For pulse measurements, several 

pulse widths were used ranging from 450 ns down to 5 ns. It can be seen that a significant 

enhancement in output characteristics is observed when using pulse measurements compared 

to DC measurement. As the pulse measurement is relatively short, little self-heating occurs 

when compared with DC conditions. 

B. .ǳƭƪ ¢ǊŀǇǇƛƴƎ 

Defects form in the device (i.e. threading dislocations, dangling bonds) as a result of either 

material issues or imperfections in device fabrication process. As charge carriers gain sufficient 

energy from the applied electric field within the device, they can be trapped, as illustrated in 

Figure 2.24. These trapped electrons induce potential change that, in turn, reduces the 2DEG 

 

Figure 2.23: IDS ï VDS characteristics for devices of various length measured under DC and pulse 

measurements with varying pulse widths. 
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sheet density, and therefore the source-drain current. This phenomenon is more likely to occur 

at the drain-gate side of the device as opposed to the source-gate side. The mechanisms of bulk 

trapping is more complicated than what is stated here as it is temperature dependent. We 

investigate this mechanism in more detail in Section 4.5. 

C. {ǳǊŦŀŎŜ ¢ǊŀǇǇƛƴƎ 

Similarly to the bulk trapping, electrons can get trapped at the surface of the AlGaN barrier 

layer. During normal device operation (large VDS and negative VGS), the trapped electrons near 

the gate are distributed to form what we call a óvirtual-gateô, shown in Figure 2.24. Although 

the trapped electrons are away from the 2DEG channel, they can still modify the potential and, 

therefore, channel resistance. This phenomenon is coupled with self-heating. In Section 4.6, 

we investigate both of these mechanisms to identify their impact on device degradation.  

2.3. bƻƴπLƴǾŀǎƛǾŜ /ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ¢ŜŎƘƴƛǉǳŜǎ 

In order to begin developing a new characterisation technique for decoupling degradation 

mechanisms, particularly self-heating and charge carrier trapping, current characterisation 

techniques used for measuring degradation mechanisms are investigated. Some of these 

techniques will be used for validation purposes. In this chapter, characterisation methods for 

measuring temperature distribution (Infrared, Õ-Raman and Micro-Resistance Thermal 

Detector), charge-trapping (Photoluminescence) strain (X-Ray Diffraction), 2DEG sheet 

density and electron mobility (Hall-Effect), and electrical characteristics (DC and Pulse 

 

Figure 2.24: Illustration showing a typical AlGaN/GaN HEMT and the charge trapping mechanisms 

that occur within the device (i.e. bulk trapping and surface trapping). 
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measurements) are studied. 

2.3.1. LƴŦǊŀǊŜŘ όLwύ 

2.3.2. aƛŎǊƻπwŀƳŀƴ όҡπwŀƳŀƴύ 

Õ-Raman spectroscopy is also used for measuring temperature distribution along the surface of 

a device. Although this technique is capable of measuring temperature at a higher resolution of 

Ḑ0.7 Õm, it has long integration times that provide measurement inaccuracies in the order of 

10 oC. In this technique, determination of lattice temperature is based on the temperature  

Infrared (IR) is a characterisation technique used for measuring temperature distribution along 

the surface of a device. The technique, which was used for temperature measurements in 

Chapter 3 allows for surface temperature measurements at a spatial resolution of 2.2 Õm and a 

temporal resolution of 10 Õs. An IR camera measures the radiance pattern that is given off from 

the material. As the temperature of the material increases the greater the infrared radiance 

energy emitted. This radiation is captured by a sensor array within the camera of which each 

pixel in the array reacts to the infrared energy by producing an electrical signal. The camera is 

then calibrated with a signal transfer function to convert the electrical signal produced from the 

emitted material radiance into the appropriate temperature value. As an example, Figure 2.25 

illustrates a top-down view of 2 Ĭ AlGaN/GaN HEMTs on Si that are provided by IEMN along 

with the corresponding 2D temperature distribution in the active region of an AlGaN/GaN 

HEMT. 

 

Figure 2.25: (Left) Top-down view of 2 Ĭ AlGaN/GaN HEMT on Si, provided by IEMN, with 

dimensions: ὡ = 250 Õm, ὒ  = 1 Õm, ὒ  = 0.5 Õm. (right) 2D IR-Camera temperature 

distribution through active region of the device at ὠ  = 0V; ὠ  = 5V. 
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dependency of the phonon frequency (oscillations of atoms in the crystal lattice). Usually, one 

of the strongest modes available in the Raman spectrum is used for the determination of 

temperature. Figure 2.26 shows an example of (i) Raman shift measurements across the surface 

of an AlGaN/GaN device on a sapphire substrate, and (ii) corresponding Raman measurements, 

using a spectrometer XY DilorÈ and a 100Ĭ objective, giving a 0.71 Õm diameter spot on the 

sample surface, provide lattice temperature rise vs. applied power density. The power of the 

selected excitation is about 10 mW. Optical excitation is performed with the 488 nm line (2.54 

eV) of an argon-ion laser. Raman spectra are recorded in the backscattering geometry with 

incident and scattered lights (not polarised) propagating parallel to the c-axis. The technique is 

based on the analysis of phonon energies (i.e. the energy of lattice vibrations depending on 

temperature). Measuring the evolution in phonon energy induced by the current flowing 

through the device helps deduce the rise in the temperature in the active area focused by the 

laser beam. 

2.3.3. ҡπwŜǎƛǎǘŀƴŎŜ ¢ƘŜǊƳŀƭ 5ŜǘŜŎǘƻǊ όҡπw¢5ύ 

The electro-thermal characterisation technique, Micro-Resistance Thermal Detector (Õ-RTD), 

accurately measures the channel temperature (Ὕ  ) of AlGaN/GaN HEMTs with an error 

margin of 4.4 oC under a range of bias conditions [125]. It makes use of placing an additional 

terminal, the Õ-RTD terminal, on top of the devices SiO2 passivation layer, Figure 2.27. Firstly, 

IDS ï VDS measurements are taken under various gate voltages whilst the Õ-RTD terminal is in 

open circuit. Then IDS ï VDS measurements are taken but with a small current through the ɛ-

 

Figure 2.26: (left) Raman shift across surface of AlGaN/GaN device on sapphire substrate. (right) 

Corresponding lattice temperature rise versus applied power density. The inset shows IDS ï VDS 

characteristics. 
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resistance thermal detector (Ὅ  = 0.3 mA) passing through the Õ-RTD terminal; enough to 

show variation without causing additional self-heating and no electrical perturbation in the 

device. This provides the calibration of the Õ-RTD terminal by providing similar I ï V 

characteristics and proves functionality of the Õ-RTD terminal. A second measurement is taken 

under various base-plate temperatures whereby the resistance of the Õ-RTD is found and then 

compared with a Õ-RTD reference temperature [125]. Lastly, IDS ï VDS sweeps are taken at 

different gate voltages whilst simultaneously measuring Õ-RTD resistance to get Ὕ  to finally 

provide an IDS ï VDS ï TCH characteristic. The device under test (DUT) and testing platform 

used for this entire process is illustrated in Figure 2.27. These measurements may be validated 

by applying the IR and Õ-Raman techniques to a similar device without the Õ-RTD contact. 

2.3.4. tƘƻǘƻƭǳƳƛƴŜǎŎŜƴŎŜ όt[ύ 

Photoluminescence (PL) is a tool used to observe and study the properties of defects in the 

device. The procedure for photoluminescence begins with illuminating the material with light 

that is above the bandgap of the material (>3.4 eV). Here, light is captured by electrons in the 

valence band and are excited to the conduction band, emitting photons of energy that make up 

the difference of the valence band energy and illuminating light energy, Figure 2.28. 

 

Figure 2.27: Design of DUT and testing platform for temperature measurements using the 

integrated Õ-RTD [126]. 
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Conduction band electrons also capture the illuminating light where they emit excess energy 

and return to the bottom of the conduction band. Due to the valence band electrons becoming 

excited, a freely moving hole is left in the valence band. An acceptor that contains energy within 

the bandgap can attract and capture the hole turning it into a bound hole. From this, 

recombination of the bound hole and a conduction band free electron occurs whereby energy 

is released in the form of photons and phonons; Photon emission is known as PL. Phonons emit 

the remaining energy and are not of concern in this characterisation technique. There are several 

luminescences with different wavelengths including blue, yellow, red luminescence (BL, YL, 

RL) that are present due to Ga and N vacancies, oxygen or deep level impurities, and 

amorphous phases [127]. In Figure 2.28, the PL process is illustrated along with an example of 

PL intensity vs. photon energy that results from this process. 

2.3.5. ·πwŀȅ 5ƛŦŦǊŀŎǘƛƻƴ ό·w5ύ 

X-Ray Diffraction (XRD) is used to measure strain in the AlGaN barrier layer crystal lattice or 

in the GaN buffer. The device is placed on an XYZ stage X-ray diffractometer of 50 nm lateral 

resolution. A zone plate setup focuses a 180 arc sec divergence beam to a quasi-circular 

illumination of X-rays of around 220 nm radius that the device is exposed to. The interaction 

of the X-rays with the materialôs crystal lattice causes diffraction patterns visible by scanning 

the arc of radius around the device. The device is then shifted on the mount after each 

measurement to cover the entirety of the device; the location of the illumination spot on the 

 

Figure 2.28: (left) PL process schematic; (right) equivalent PL intensity with respect to photon 

energy example. 
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device is monitored by Ga-K fluorescence intensities that are measured simultaneously with 

diffraction pattern shifts. As a material is strained, the lattice inter-planar spacing changes, 

which causes a shift in diffraction pattern of the X-rays. These shifts are measured by a charge-

coupled device (CCD) detector, shown in Figure 2.29. The strain is then deduced from the 

change in inter-planar spacing via mathematical relationships that involve comparing 

unstressed lattice inter-planar spacing with strained inter-planar spacing [128]. 

2.3.6. 9ƭŜŎǘǊƛŎŀƭ /ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ 

Electrical characterisation techniques are typically used as a cost effective method of measuring 

various device characteristics including charge carrier density, mobility, I ï V and C ï V 

characteristics, transient current, defect density, contact resistivity. In this section, we 

investigate the commonly used Hall-effect technique used to measure charge carrier density 

and mobility as well as generic techniques typically used for current characterisation. 

2.3.6.1.  Iŀƭƭπ9ŦŦŜŎǘ 

The Hall-effect technique is used to measure the 2DEG channel density and mobility. With 

current (Ὅ ) flowing through the device, a magnetic field (ὄ ) perpendicular to the device is 

applied resulting in a transverse current. The resulting Hall voltage (ὠ) is then measured across 

the device. Resistivity (”) is then measured using the van der Pauw measurement technique 

[129]. Both ὠ and ” measurements are repeated numerous times and then averaged due to 

their small values. With these four parameters as well as a measurement for wafer thickness  

 

Figure 2.29: XRD CCD capture of an AlGaN/GaN device structure, showing AlGaN and GaN 

reflections in terms of CCD diffraction intensity. 
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 (ὸ), the following formula is used to calculate Hall mobility (‘) and ὲ: 

‘
ȿὠȿ

Ὅὄ”
 (2.11) 

ὲ
Ὅὄ

ήȿὠȿ
 (2.12) 

Figure 2.30 shows the 2DEG ὲ  and ‘  with respect to temperature. The 2DEG density 

remains constant for temperatures below 450 K (worst-case). Due to the different piezoelectric 

temperature coefficients of AlGaN and GaN, an increase in temperature (> 450 K) leads to an 

enhancement of the strain, resulting in greater 2DEG density. This effect is known as 

pieroelectricity whereby the piezoelectricity changes with temperature. As temperature 

increases, the electron mobility decreases due to the lattice scattering and onset of polar optical 

phonon emission. However, this phenomenon reduces at higher temperatures. The mobility is 

the only quantity that strongly depends on lattice temperature. 

2.3.6.2.  5/ aŜŀǎǳǊŜƳŜƴǘǎ 

Typically, I ï V characteristics are measured using DC measurements. This technique involves 

applying a DC voltage applied to all contacts of a device (i.e. drain, source, and gate contact) 

for a long period of time before measuring the current. This long period allows for all current 

 

Figure 2.30: 2DEG sheet density and electron mobility vs. Temperature. The increase in 2DEG 

density (T > 450 K) is due to additional strain caused by pieroelectricity. Hall mobility, ‘, 

decrease is due to more electron scattering as temperature increases. 
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transients to settle, providing a signal that will not vary around the time that the signal is 

measured. The measurements are typically performed using a sigma-delta or integrating-type 

analog-to-digital converter (ADC). However, ambient noise is present in the power lines during 

measurement. In order to eliminate this noise, the signals are taken over numerous power line 

cycles and are then averaged in order to improve signal accuracy. 

2.3.6.3.  tǳƭǎŜ aŜŀǎǳǊŜƳŜƴǘǎ 

Pulse signals provide a large number of data samples within a small time. Due to the short 

intervals between signals, device damage is prevented even at high voltages. One of the 

primary mechanisms that can degrade or damage the device over a short space of time is self-

heating, as previously described in Section 2.2.6.3. Typically, for measuring I ï V 

characteristics using this technique, a duty cycle of <10 % is applied in order to minimise the 

self-heating within the device. As a result, the current in I ï V characteristics of pulsed 

measurements is larger than that of DC measurements, showing the performance of devices 

operating at high frequency. This measurement technique is also beneficial for devices capable 

of high power. The instruments used for applying high power using pulsed measurements are 

far more capable of reaching higher power than that of DC measurements due to the short 

measurement time. In addition, pulsed measurements are capable of measuring transient 

current with very short intervals, a beneficial technique which DC measurements are unable to 

perform. To fit measurements into these short windows, sigma-delta ADCs are run at sub-

power-line interval integration times; sometimes, the even faster successive approximation 

register (SAR) type ADCs are used. However, these measurements are far noisier than DC 

measurements which can be an issue when high accuracy readings are required. 

2.3.7. /ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ¢ŜŎƘƴƛǉǳŜ /ƻƳǇŀǊƛǎƻƴ 

The optical techniques IR and Õ-Raman are commonly used for measuring temperature 

distribution. Õ-Raman has the advantage of providing better spatial resolution (0.7 Õm) 

compared to IR (Ḑ2.2 Õm). However, a significant disadvantage to using the Õ-Raman 

technique is that it takes much more time and requires a higher applied power density than IR. 

Therefore, it is not needed for temperature measurements of large devices. Devices grown on 

sapphire are difficult to be characterised using IR due to the transparency of Al2O3. On the 

other hand, devices grown on SiC are difficult to characterise using Õ-Raman, due to the 
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bidirectional shift of the Raman signal with temperature that occurs with SiC, which 

complicates the calibration step.; with thermal-electrical characterisation, Õ-RTD, these 

problems do not occur. Although, the Õ-RTD technique does not provide a distribution of 

temperature across the device, an accurate peak temperature beneath the Õ-RTD contact can be 

obtained. PL is commonly used to characterise defects in a material due to the high sensitivity 

to discrete electronic states. The benefit of this technique is that there is no change in results 

from when previously exposed to X-ray irradiation used in the XRD technique. Although the 

XRD technique is considered to measure surface strain, X-rays that are illuminated onto the 

device penetrate a few micrometers deep into the material. So, several values of diffraction 

pattern shift occur at one coordinate along the device surface with respect to depth of 

penetration. As the measurements are presented in 2D across the surface, the range of shift 

values are averaged and provide one value of strain at each coordinate on the surface. Therefore, 

shift/strain shown at the surface has some error due to coupling with shift/strain deeper in the 

material. The Hall-effect technique is commonly used for sheet density and electron mobility 

measurements as it is not affected by ambient conditions due to its using a magnetic field to 

induce traverse current; it is highly reliable and repeatable, and operates at a wide range of 

temperatures. 

 

Figure 2.31: Comparison of Ὅ ï ὠ  characteristics with DC measurement (blue) and Pulse 

measurement (red) for ὠ  = -5 V and ὠ = 0 V. 
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An important characteristic that defines the power capabilities of HEMT devices is the drain-

source current (Ὅ ) vs. drain-source voltage (ὠ  ). Figure 2.31 compares the IDS ï VDS 

characteristics of an AlGaN/GaN HEMT under DC (blue) and pulse (red) measurements. It is 

clear that current collapse occurs in DC measurements. This is primarily due to self-heating 

and charge trapping. The use of pulse measurements minimises this degradation due to the 

device being set to OFF-state for a period of time between each measurement. Current 

degradation due to self-heating and charge trapping still occurs during pulse measurements, 

although less than in DC, as described in Section 2.3.6. The decoupling of self-heating and 

charge trapping is investigated using pulse measurements in Chapter 4. 

2.4. 5ŜǾŜƭƻǇƳŜƴǘ /ƘŀƭƭŜƴƎŜǎ 

The superior performance of AlGaN/GaN HEMTs is hampered by serious reliability issues, 

which remain an open problem that is holding back their widespread commercial and industrial 

development. These reliability issues stem from degradation mechanisms such as: (i) self-

heating effects, that significantly impact the transport properties in the 2DEG, (ii) charge 

trapping effects, that are responsible for reducing device lifetime and reliability, (iii) 

source/drain (S/D) Ohmic contact resistances increase during device operation, and (iv) gate 

Schottky contact leakage current and barrier height, are controversial and largely unknown 

[60]ï[62]. These accelerating factors are behind device performance degradation and persist to 

be limiting reliability factors. Maintaining high performance and reliability of the S/D Ohmic 

and gate Schottky contacts in AlGaN/GaN HEMTs is a significant challenge, particularly at 

high operating voltages, which hinders progress in a large-scale deployment of the technology 

in applications [33], [44], [45]. 

The strong coupling of self-heating and charge trapping mechanisms, under normal device 

operation, makes the quantitative contribution of each mechanism indistinct. This key 

performance and reliability information poses a significant challenge, particularly for 

AlGaN/GaN HEMTs due to their high operating temperature and relatively high density of 

traps, and impedes the device performance progress, an important step before large-scale 

deployment can be attained [60]ï[62], [130]. 

Transient measurements, such as fast pulse characterisations described in Section 2.3.6.3, are 

often used to reduce self-heating effects in the device when investigating trapping effects [131]. 
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However, it has been shown that the temperature at the channel of a conventional AlGaN/GaN 

HEMT can reach 70% of its maximum value within the first 2 Õs, after the device is switched 

ON [124], [132], [133]. Lowering the applied biases conditions to prevent temperature rise is 

another option to decouple traps from self-heating. However, this methodology is unable to 

provide vital information about traps kinetics at normal device operation. Lack of standard 

characterisation techniques for degradation mechanismsô decoupling plays a major role in 

holding back the optimisation of III-N process and device technology, an important step before 

large-scale deployment can be attained [60]ï[62], [130]. Developing such a technique and re-

examining the impact each degradation mechanism has on the device, during normal device 

operation, will be the focus of this Thesis. This technique will contribute towards understanding 

the origins of device failure and the kinetics of the degradation mechanisms. 

In addition, to achieve high performance, Ohmic and Schottky contacts are required to be 

optimised to provide lower contact resistance (Ὑ ) and higher energy barrier (   ), 

respectively. Increasing the Al concentration in the barrier and/or using AlN exclusion layer is 

known to increase 2DEG confinement and to enhance 2DEG density and mobility, which 

enhances performance [134], [135]. However, it results in increased Ὑ  due to low metal 

diffusion beneath the metal contact [136], [137]. In Section 5.2, we propose a fabrication 

process of ohmic contacts to reduce Ὑ of AlGaN/GaN HEMTs with a high Al concentration, 

whilst avoiding implantations that cause HF-traps and gate leakage. The optimisation of 

Schottky contacts is crucial for gate control in GaN-based HEMTs in order to achieve high 

frequency performance, good linearity and low leakage current. With the existing Schottky 

contact metallisation processes, the leakage current and the barrier height can be improved but 

needs several difficult operations, described in Section 5.3.1, before achieving this. Therefore, 

we propose a new and simple process of forming a TiN-based Schottky contact on an AlGaN 

barrier. 
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3. Strain Impact on Self-Heating in AlGaN/GaN HEMTs 

CHAPTER 3 

STRAIN IMPACT ON SELF-HEATING IN 

AlGaN/GaN HEMTs 

 

оΦмΦ {¢w¦/¢¦w9 hC Lb±9{¢LD!¢95 59±L/9{ ........................................................................... 59 

оΦнΦ {¢w!Lbπw95¦/¢Lhb Lb5¦/95 wL{9 Lb /I!bb9[ ¢9at9w!¢¦w9 !¢ hIaL/   /hb¢!/¢{ ............ 60 

оΦнΦмΦ 9ȄǇŜǊƛƳŜƴǘŀƭ tǊƻŎŜŘǳǊŜ ................................................................................ 60 

оΦнΦнΦ ¢ŜƳǇŜǊŀǘǳǊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴ !ƭDŀbκDŀb ¢[aǎ .............................................. 63 

оΦнΦоΦ !ƭDŀbκDŀb I9a¢ .......................................................................................... 70 

оΦоΦ w9[!¢Lhb{ILt .9¢²99b 59±L/9 {L½9 !b5 th[!wL{!¢Lhb Lb !ƭDŀbκDŀbπ.!{95 59±L/9{ ...... 75 

оΦоΦмΦ L  π ± {ƛƳǳƭŀǘƛƻƴ aŜǘƘƻŘƻƭƻƎȅ ....................................................................... 76 

оΦоΦнΦ 9ƭŜŎǘǊƻπǘƘŜǊƳŀƭ {ƛƳǳƭŀǘƛƻƴ ŀƴŘ /ŀƭƛōǊŀǘƛƻƴ aŜǘƘƻŘƻƭƻƎȅ............................ 77 

оΦоΦоΦ ¢ƘŜ wƻƭŜ ƻŦ {ŜƭŦπIŜŀǘƛƴƎ ŀƴŘ tƻƭŀǊƛǎŀǘƛƻƴ ...................................................... 81 

оΦпΦ {¦aa!w¸................................................................................................................. 86 

  



 

CHAPTER 3 STRAIN IMPACT ON SELF-HEATING IN AlGaN/GaN HEMTS 

 

 

59 

 

In the first section of this chapter, we investigate the self-heating and strain mechanisms in 

AlGaN/GaN HEMTs using Infrascope temperature mapping system (IR) accompanied by 

synchrotron radiation-based High-Resolution X-Ray Diffraction (HR-XRD) measurements 

and physically based TCAD simulations. This unique approach demonstrates that compressive 

and tensile strain around S/D contacts affects temperature distribution during device operation 

and limits its performance. In the second section of this chapter, we study electro-thermal 

behaviour of scaled AlGaN/GaN TLM heterostructures with low resistive Ohmic contacts to 

identify the relationship between device geometry and polarisation within AlGaN/GaN-based 

devices. 

3.1. {ǘǊǳŎǘǳǊŜ ƻŦ LƴǾŜǎǘƛƎŀǘŜŘ 5ŜǾƛŎŜǎ 

The investigated AlGaN/GaN-based device structure has been grown by molecular beam 

epitaxy on High-Purity HP-Si(111) substrate (Figure 3.1). The following device architecture 

was fabricated at the IEMN of the University of Lille. It consists, from the substrate to the top 

surface, of low temperature AlN(40 nm)/GaN(250 nm)/AlN(250 nm) nucleation layers, a 1.7 

µm Al0.10Ga0.90N back-barrier to reduce leakage current in the buffer and to improve the carrier 

 

Figure 3.1: AlGaN/GaN-based device structure and measured electron density profile of the 

investigated wafer, GaN(1 nm)/Al0.32Ga0.68N(25 nm)/GaN(15 nm)/Al0.10Ga0.90N(1.7 µm)/NL/HP-

Si(111), where NL are nucleation layers that consist of AlN(40 nm)/GaN(250 nm)/AlN(250 nm). 
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confinement of the 2DEG. A channel is made of a 15 nm thick unintentionally doped GaN 

buffer followed by a 25 nm undoped Al0.32Ga0.68N barrier and, finally, a 1 nm GaN cap layer. 

Room temperature Hall measurements yield a 2DEG electron mobility of 1750 cm2V-1s-1 and 

RǏ = 310 Ý/Ǐ. The CV-technique revealed an electron sheet density of 1.18 × 1013 cm-2 in the 

buffer. The fabrication process flow is similar to that in [107]. To reduce the contact resistance, 

the S/D terminals are formed by rapid thermal annealing of an evaporated Ti(10 nm)/Al(200 

nm)/Ni(40 nm)/Au(100 nm) multilayers metallisation scheme at 870 oC for 30 s under nitrogen 

atmosphere. The S/D contacts resistance and specific resistivity are 0.39 Ý.mm and 3.8 × 10-6 

Ý.cm2, respectively. The devices are electrically isolated by He+ ion multiple implantations.  

To reduce trapping effects and dispersion, the surfaces of the devices are N2O pre-treated for 

2 min followed by SiO2(100 nm)/Si3N4(50 nm) bi-layer passivation, performed by plasma-

enhanced chemical vapour deposition at 340 oC. The SiO2(100 nm)/Si3N4(50 nm) bi-layer is 

opened by using a CHF3/CF4 reactive ion etching plasma. The used gate metallisation scheme 

is Ni(5 nm)/Pt(25 nm)/Ti(25 nm)/Mo(30 nm)/Au(250 nm). The electrical I ï V 

characterisations were performed at DC and dark conditions at University of Swansea using 

the Agilent B1500A framework. The trace of drain current is reproducible showing that no 

permanent degradation of drain current occurs from the experiment, only recoverable 

degradation, i.e., charge trapping and self-heating.  

3.2. {ǘǊŀƛƴπwŜŘǳŎǘƛƻƴ LƴŘǳŎŜŘ wƛǎŜ ƛƴ /ƘŀƴƴŜƭ ¢ŜƳǇŜǊŀǘǳǊŜ ŀǘ hƘƳƛŎ /ƻƴǘŀŎǘǎ 

In this work, we investigate the channel temperature distribution in AlGaN/GaN-based devices 

using IR temperature mapping system accompanied by HR-XRD measurements and physically 

based TCAD simulations. We demonstrate that compressive and tensile strain around S/D 

affects temperature distribution during device operation which limits device performance. An 

overview of the used devices and performed experiments is first summarised. Then, 

temperature profiles in the device under different configurations as well as the physics behind 

the temperature rise at the source/drain contacts is examined. 

3.2.1. 9ȄǇŜǊƛƳŜƴǘŀƭ tǊƻŎŜŘǳǊŜ 

3.2.1.1.  5ŜǾƛŎŜ tŜǊŦƻǊƳŀƴŎŜ 

The IDS ï VDS characteristics of the used 100 µm wide AlGaN/GaN TLMs with different 

source-to-drain distances, ὒ  = 10 µm (short TLM) and ὒ  = 30 µm (long TLM), are shown 
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in Figure 3.2. A lower current and a larger resistance are observed for the long TLM. 

3.2.1.2.  LƴŦǊŀǊŜŘ /ŀƳŜǊŀ 

To measure the temperature profile, the Infrascope temperature mapping system from IEMN 

of the University of Lille, equipped with 500 × 500 InSb detectors array, is first calibrated. A 

high emissivity layer is coated over the device and surface radiation of the unbiased 

AlGaN/GaN device is measured, whilst increasing the temperature from 50 oC to 200 oC with 

a step of 15 oC using a heated-stage to maintain constant uniform temperature [107], [138]. The 

surface temperature is then measured from the emissivity by comparing it with the instrument 

calibration curve (not shown). After the calibration step, each device is first placed on a 

constant temperature platform (40 oC or 45 oC) and biased at DC conditions using Agilent 

B1500A framework. Then, thermal imaging measurements are performed using the calibrated 

Infrascope system. Pixel resolution of the obtained IR image is about 2.3 µm, giving a total 

field of view of about 1 mm × 1 mm. This technique is based on measuring the IR radiations 

emitted at the top surface of the device that are proportional to the temperature. 

3.2.1.3.  IƛƎƘπwŜǎƻƭǳǘƛƻƴ ·πwŀȅ 5ƛŦŦǊŀŎǘƛƻƴ 

To measure the strain profile in the AlGaN barrier layer, synchrotron radiation-based HR-XRD 

 

Figure 3.2: Measured IDS ï VDS characteristics of the gateless AlGaN/GaN TLMs. The source-to-

drain distance of the used TLMs are ὒ  = 10 µm (short TLM) and ὒ  = 30 µm (long TLM). 
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is used. This techniques uses 10.4 keV energy at the 2 ï ID ï D micro-diffraction beamline. The 

sample device is mounted on an XYZ stage with a 50 nm resolution. The location of the beam 

spot was monitored by means of simultaneous measurement of GaïK fluorescence intensities 

and the diffraction data were collected by a charge-coupled detector. The size of the quasi-

circular beam spot is å220 nm with 180 arc sec divergence. 

3.2.1.4.  {ƛƳǳƭŀǘƛƻƴ aŜǘƘƻŘƻƭƻƎȅ 

The electrostatic (i.e. potential and electric field distribution) of the used devices have been 

investigated by Drift-Diffusion (DD) simulations. The details of the used device simulation 

technique can be found in [139]ï[144]. In the past, this simulation technique has been 

successfully used to predict AlGaN/GaN based device architectures grown on various 

substrates (i.e., Si, 4HīSiC, diamond, Al2O3). The transport parameters such as electron drift 

velocity, energy relaxation time, and electron effective mass are obtained from Monte Carlo 

simulation runs at different lattice temperatures [144]. Both simulated I ï V characteristics and 

 

Figure 3.3: I ï V characteristics and operating temperatures for different device structures (gated 

and gateless), showing good agreements between experimental data and our simulation results. 
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calculated temperatures have been compared to experimental I ï V characteristics and 

temperature measurements, demonstrating a good agreement, as shown in Figure 3.3. 

Moreover, this simulation technique has been adapted to deal with both gated and gateless 

AlGaN/GaN devices. 

3.2.2. ¢ŜƳǇŜǊŀǘǳǊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴ !ƭDŀbκDŀb ¢[aǎ 

3.2.2.1.  {ƻǳǊŎŜπǘƻπ5Ǌŀƛƴ ¢ƘŜǊƳŀƭ /ƻǳǇƭƛƴƎ 

Figure 3.4 shows the IR measured temperature distributions along the surface of the short and 

long TLMs, ὒ  = 10 µm and ὒ  = 30 µm, at ὠ  = 2 V to 12 V by step of 2 V. For the long 

TLM, temperature peaks are observed at the inner ends of the S/D contacts, for all applied 

biases (Figure 3.4(b)). These temperature peaks merge when ὒ  decreases as a result of 

temperature coupling (Figure 3.4(a)). For ὒ  Ò 10 µm, the amount of thermal coupling 

between the source and the drain sides is even larger making it difficult to observe the 

temperature peaks at the inner end of the Ohmic contacts (not shown). Note that this thermal 

coupling induced temperature rise can significantly impact the device performance through an 

increase in the contact access resistance and electron mobility degradation, particularly for 

small devices, as a result of the source-drain thermal coupling. 

 

Figure 3.4: Measured temperature profiles along the top surface of the gateless AlGaN/GaN 

structures at different drain voltages for (a) short TLM (,  = 10 µm) and (b) long TLM (,  = 30 

µm). 
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Unlike in the long TLM, the channel temperature is at its maximum in the centre of the short 

TLM (ὒ  = 10 µm). This can be explained by a heat spread angle and a strong thermal 

coupling between source and drain, as illustrated in Figure 3.5(a). The temperature in the 

middle of the short TLM is much higher than at the inner ends of Ohmic contacts. To 

demonstrate the low thermal coupling in the long TLM (ὒ  = 30 µm), we have artificially 

modified the measured temperature profile by reducing the source-to-drain distance from 30 

µm to 10 µm (Figure 3.5(b)). It can be seen that the resultant temperature profile (modified 

 

 

Figure 3.5: (a) Illustration of the heat spreading angle and the source-to-drain thermal coupling in 

the short and long TLMs. (b) Measured temperature profile along the top surface of the gateless 

AlGaN/GaN structure at ὠ  = 12 V for the long TLM (ὒ  = 30 µm). The original measured data 

are compared to the modified data to show a very negligible thermal coupling between the inner 

ends of Ohmic contacts in a long ὒ  device. 
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data) is slightly larger than the original data but still present two peaks, in contrast with the 

measured temperature of the short TLM (ὒ  = 10 µm). 

The device temperatures of the AlGaN/GaN TLMs are plotted against dissipated power density 

in Figure 3.6. The dissipated power density is controlled via ὠ . For a given dissipated power 

density, the temperature is higher in the short TLM (ὒ  = 10 µm) due to (i) a higher electric 

field [139] and (ii) a stronger thermal coupling between source and drain sides (Figure 3.5(a)). 

3.2.2.2.  ¢ƘŜǊƳŀƭ wŜǎƛǎǘŀƴŎŜ 

To get a rough estimate of the thermal resistance of each device, we have employed the 

analytical thermal model described by the following equation [145], [146]:  

Ὕ Ὕ Ὑ ὖ  (3.1) 

where Ὕ is the channel temperature, TSUB is the substrate temperature (45 oC), Ὑ  is the 

thermal resistance, and ὖ  is the dissipated power, which is proportional to electric field (Ὁ), 

 

Figure 3.6: Evolution of the channel temperature versus the dissipated power density for the 

AlGaN/GaN TLMs (ὒ  = 10 µm and ὒ  = 30 µm). The Max Temperatures are extracted from the 

peaks at the vicinity of S/D contacts for the long TLM and at the centre of the device for the short 

TLM. The Min Temperature corresponds to the value of temperature at centre of the long TLM 

(ὒ  = 30 µm). 
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drain current (Ὅ ) and source-to-drain distance (ὒ ):  

ὖ Ὁ Ὅ ὒ  (3.2) 

According to this model, the increase of ὒ  should lead to an increase in temperature, due to 

a larger amount of material for heat to dissipate through. This is in disagreement with 

experimental observations. Therefore, the temperature increase with the reduction of ὒ  is 

mainly caused by the thermal resistance. With respect to the heat spreading angle model [147]ï

[149], as illustrated in Figure 3.5(a), the thermal resistance increases with decreased ὒ  due to 

the lower substrate volume for heat to dissipate. The extracted thermal resistances are 68 oC 

W-1 and 38 oC W-1 for short (ὒ  = 10 µm) and long (ὒ  = 30 µm) TLMs, respectively. These 

values of Ὑ  are within the typical range of values [138], [150]. Here, we have used the 

maximum temperatures that occurs at (i) the inner-ends of the source and drain terminals for 

the long TLM (ὒ  = 30 µm) and (ii) at the centre of the device for the short TLM (ὒ  = 10 

µm), due to thermal coupling. When using temperature values in the middle of the TLM with 

ὒ  = 30 µm (minimum temperature), the extracted Ὑ  is equal to 9.0 oC W-1, over three times 

smaller than at the inner-ends of the source and drain terminals. This is an indication of a non-

uniform distribution of the electric field between source and drain contacts. 

3.2.2.3.  {ǘǊŀƛƴ wŜƭŀǘƛƻƴǎƘƛǇ ǿƛǘƘ {ŜƭŦπIŜŀǘƛƴƎ 

It has been reported that the S/D Ohmic contacts process annealing and device operation induce 

mechanical stress due to (i) a mismatch in thermal expansion coefficients of III-N and 

Ti/Al /Ni/Au metallisation scheme, and (ii) an exacerbation of inverse piezoelectric effect at 

high temperatures [151]ï[153]. These effects result in a change of strain at the vicinity of metal 

contacts. The deformation of c-plane nitride crystal under compressive and tensile strains [154] 

around the contacts is illustrated in Figure 3.7(b). 

To support the above theory, the strain relaxation in the AlGaN barrier layer of an unbiased 

device is measured using synchrotron radiation-based HR-XRD [155]. The measured strain 

profile, given in Figure 3.7(a), reveals a reduction of strain at the inner ends of S/D contacts. 

The strain reduction at the inner ends of the contacts reduces the electron density at these 

locations which, in turn, impacts the potential distribution and increases the electric field 

locally [156], hence an increase in channel temperature. Some preliminary HR-XRD data shows 

a reduction of strain below the gate terminal as well (Figure 3.8). Further investigation  
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of the heating beneath the gate will be the subject of future works. 

The impact of the strain reduction, at the inner ends of S/D Ohmic contacts, on the device 

electrostatic has been investigated by DD simulations and HR-XRD measured data. The details 

of the used device simulation technique can be found in [139]ï[144]. In the past, this simulation 

 

 

Figure 3.7: (a) Measured strain in the channel along the lateral direction of an AlGaN/GaN TLM 

using synchrotron radiation-based HR-XRD, showing a reduction of strain at the inner ends of S/D 

contacts. (b) The schematic of strain distribution at the vicinity of S/D Ohmic contacts. 

 

Figure 3.8: Measured strain in the channel along the lateral direction of an AlGaN/GaN HEMT 

using HR-XRD. 
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technique has been successfully used to predict AlGaN/GaN based device architectures grown 

on various substrates (i.e., Si, 4HïSiC, diamond, sapphire). The transport parameters such as 

electron drift velocity, energy relaxation time, and electron effective mass are obtained from 

Monte Carlo simulation runs at different lattice temperatures [144]. Both simulated I ï V 

characteristics and calculated temperatures have been compared to experimental I ï V 

characteristics and temperature measurements, demonstrating a good agreement [139]ï[142]. 

Moreover, this simulation technique has been adapted to deal with both gated and gateless 

AlGaN/GaN devices. 

 

Figure 3.9: DD simulation results of the short TLM (ὒ  = 10 µm), when taking into account the 

HR-XRD measured strain. (a) Lateral 2DEG profile overlapped with potential distribution at ὠ  = 

0 V in the channel of the TLM. (b) Vertical current density overlapped with potential distribution at 

ὠ  = 12 V in the channel of the TLM. 
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The lateral 2DEG profile overlapped with corresponding potential distribution at ὠ  = 0 V, 

when taking into account the measured strain, are shown in Figure 3.9(a). At least 25 % 

reduction in 2DEG density is observed at the inner ends of S/D contacts, as a result of strain 

degradation. Figure 3.10(a) and (b) compare the simulated electric field distributions with 

measured temperature profiles under ὠ  = 12 V for both short (ὒ  = 10 µm) and long (ὒ  = 

 

Figure 3.10: simulated electric field distributions and measured temperature profiles at ὠ  = 12 V 

for (a) short TLM (ὒ  = 10 µm) and (b) long TLM (ὒ  = 30 µm). 
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30 µm) TLMs, respectively. Electric field peaks that occur at the inner ends of the S/D contacts 

are nearly three times larger than that at the middle of the device and directly correlate with the 

measured temperature profiles. As the electric field and the drain current increase 

proportionally with ὠ , the channel temperature increases near the Ohmic contacts. With the 

proportional relationship between electric field and temperature, the degradation of strain 

significantly impacts temperature peaks within the device. Furthermore, the vertical component 

of the current density, simulated by DD and given in Figure 3.9(b), shows that the majority of 

current flows in/out of the 2DEG through a small portion of the S/D contacts as suggested by 

Trilayer-TLM model Ohmic contacts [157]. This attribute could be a cause of a further strain 

degradation and channel temperature increase. 

3.2.3. !ƭDŀbκDŀb I9a¢ 

3.2.3.1.  {ƻǳǊŎŜǎ ƻŦ {ŜƭŦπIŜŀǘƛƴƎ 

It was not possible to observe the temperature peaks at the vicinity of the Ohmic contacts in 

AlGaN/GaN HEMTs due (i) to the strong thermal coupling between contacts when ὒ  Ò 10 

µm, as demonstrated in the previous section; and (ii) to the hot-spot at the end of the gate, as 

described in this section. However, a temperature rise near source and drain contacts still takes 

place in HEMTs, since the fabrication process of Ohmic contacts in gated and gateless devices 

are exactly the same. We shall therefore expect to observe temperature rise near the S/D 

contacts in HEMTs as in TLMs. The ID ï VG characteristics of two AlGaN/GaN HEMTs with 

 

Figure 3.11: Measured ID ï VG characteristics of single and two-finger gate AlGaN/GaN HEMTs at 

ὠ  = 5 V. The device dimensions are: ὒ  = 1.0 µm, ὒ = 0.5 µm, ὒ  = 3.5 µm. 
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different configurations (single or two-finger gate) are presented in Figure 3.11. The two-finger 

gate device óBô outputs less current than single-finger gate HEMT óAô, a point to be noted in 

discussion. The same temperature measurement technique is applied to a two-finger gate 

HEMT with ὒ  = 2.5 µm and ὡ = 2 × 150 µm (Figure 3.12(a)). Since ὒ  of this device is 

less than 10 µm, the peaks of temperature at the inner ends of S/D contacts are merged together. 

This profile is similar to what has already been reported in literature using techniques such as 

µ-Raman [158]. The notch between the source and drain sides is caused by the metal gate. In 

addition, a higher temperature peak can also be seen at the end of the gate (toward the drain 

side, as marked by TSD in Figure 3.12(b)). This peak may be slightly undervalued, due to the 

limited resolution of the IR System. The drain-side temperature increase as ὠ  increases can 

be explained by the temperature coupling with that of the neighbouring HEMT and by the high 

electron kinetic energy at the end of the gate [159]. The maximum device temperatures of the 

AlGaN/GaN HEMTs are plotted against dissipated power density in Figure 3.13(a). The 

dissipated power density is controlled via ὠ  and ὠ . The presence of temperature coupling 

between two neighbouring HEMTs (two-finger gate HEMT óBô: ὡ = 2 × 150 µm), due to heat 

spreading angle as illustrated in Figure 3.13(b), leads to channel temperature increase, when 

compared with a single-gate HEMT (óAô: ὡ = 1 × 150 µm) [160]. As a result, the two-finger 

gate exhibits lower drain current, as shown in Figure 3.11 [140], opposite to the expected higher 

current without considering thermal coupling. This experimental observation is in good 

agreement with heat spreading angle models [147]ï[149]. The main cause of temperature rise in 

AlGaN/GaN HEMT is, therefore, the high value of the electric field at the end of the gate 

toward the drain side. This electric field peak is observed through DD-simulation, Figure 3.14, 

which also shows increased electric field with reduced source-to-drain distance that increases 

the self-heating further. The electrons that enter the device via the source terminal and crystal 

lattice of AlGaN and GaN gain significant energy at the drain-side gate edge, as shown in 

Figure 3.15, due to the large electric field peak in the local area. Consequently, a non-uniform 

distribution of dissipated power produces a hot spot of temperature to be formed at this 

location, Figure 3.16. This phenomenon happens regardless of the strain reduction near the 

contact [161], [162]. Therefore, the physics behind temperature rises near the gate and near S/D 

contacts are very different. Both mechanisms contribute to the higher temperature at the drain 

side in AlGaN/GaN HEMTs. Further investigation will be needed to separate the thermal 

effects of the two mechanisms in this device. 
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Figure 3.12: (a) Layout of two-finger gate AlGaN/GaN HEMTs. (b) Measured temperature profiles 

at ὠ  = 5 V and at different gate voltages (-6 V to 2 V; step 1 V) along the lateral position (Cut: 

aaô). (c) Temperature distribution at ὠ  = 5 V and ὠ  = -2 V along the width position (Cut: bbô). 

The device dimensions are: ὒ = 1.0 µm, ὒ = 0.5 µm, ὒ  = 2.5 µm. 
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Figure 3.13: (a) Evolution of the maximum channel temperature versus the dissipated power 

density of single and two-finger gate AlGaN/GaN HEMTs (óAô: ὡ = 1 Ĭ 150 Õm; and óBô: ὡ = 2 

× 150 µm. The device dimensions are: ὒ  = 1.0 µm, ὒ = 0.5 µm, ὒ  = 3.5 µm. (b) Illustration of 

the heat spreading angle in single and two-finger gate AlGaN/GaN HEMTs. 
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Figure 3.14: Simulated electron temperature (electron energy) distribution in an AlGaN/GaN 

HEMT. 

 

Figure 3.15: Numerical simulation of electric field distribution in an AlGaN/GaN HEMT. 
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3.2.3.2.  ¢ƘŜǊƳŀƭ aŀƴŀƎŜƳŜƴǘ LǎǎǳŜ 

When implementing these devices into high-power system applications that require a large 

device density, thermal effects become an issue for the performance of these devices. As 

previously discussed, temperature that dissipates out of the device can increase the temperature 

of a neighbouring device if the temperature is high enough and the spacing between devices is 

too small. With large device density the accumulation of heat transfer between neighbouring 

devices can reduce the device performance significantly due to the large increase in 

temperature, thus, increasing the current collapse within each device. This shows the 

importance of finding solutions to reduce the self-heating within these devices whilst 

maintaining their high power and high frequency capabilities. 

3.3. wŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ 5ŜǾƛŎŜ {ƛȊŜ ŀƴŘ tƻƭŀǊƛǎŀǘƛƻƴ ƛƴ !ƭDŀbκDŀbπōŀǎŜŘ 

5ŜǾƛŎŜǎ 

The interplay of self-heating and polarisation affecting resistance is then studied in 

AlGaN/GaN TLM heterostructures with a scaled source-to-drain distance. This work is based 

on meticulously calibrated TCAD simulations against I ï V experimental data using an electro-

thermal model. The electro-thermal simulations show hot-spots (with peak temperature in a 

range of ~566 K ï 373 K) at the edge of the drain contact due to a large electric field. The 

electrical stress on Ohmic contacts reduces the total polarisation, leading to the 

inverse/converse piezoelectric effect. This inverse effect decreases the polarisation by 7 %, 10  

 

Figure 3.16: Lateral temperature profiles between source and drain contact of an AlGaN/GaN 

HEMT; measured using Õ-Raman left, simulated right. 
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%, and 17 % during a scaling of the source-to-drain distance in the 12 µm, 8 µm, and 4 µm 

TLM heterostructures, respectively, when compared with the largest 18 µm heterostructure.  

3.3.1. L  π ± {ƛƳǳƭŀǘƛƻƴ aŜǘƘƻŘƻƭƻƎȅ 

The device is simulated using TCAD simulation using an electro-thermal model. The spacing 

between the Ohmic contacts varies from L1 = 4 µm, L2 = 8 µm, L3 = 12 µm and L4 = 18 µm. 

The Ohmic contact length is LC = 50 µm for all the source-to-drain distances as depicted in 

Figure 3.17(a). The energy band diagram overlapped with electron concentration profile in the 

heterostructure cross-section is illustrated in Figure 3.17(b). The described Ti/Al/Ni/Au 

multilayer metallisation scheme was used for Ohmic contacts to create TLM heterostructures 

with various source-to-drain distances. Hall-effect measurements indicate a 2DEG electron 

mobility of 1950 cm2 V-1s-1, at room temperature. A C ï V technique has revealed an electron 

sheet density of ὲ = 1.5 × 1013 cmī2. The Ohmic contacts were implemented to the structures 

by using heavily doped GaN regions with a measured contact resistance of 0.3 Ý.mm. 

 

 

Figure 3.17: (a) Top-down view of the AlGaN/GaN TLM and (b) energy band diagram and electron 

concentration profile at equilibrium. 
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The I ï V characteristics of the 100 µm wide TLM structures with the described source-to-

drain distances plotted in Figure 3.18 are measured at DC and dark conditions using Agilent 

B1500A framework. For the shortest distance of 4 µm, the voltage applied on the contact is 

restricted to 15 V to prevent contacts damage, while for other spacing lengths of 8 µm, 12 µm 

and 18 µm, the maximum applied voltage is set to 20 V. The arrows point to bias points at 

which a temperature is measured at the structure (18 µm and 4 µm TLM structures only) surface 

close to the drain. 

3.3.2. 9ƭŜŎǘǊƻπǘƘŜǊƳŀƭ {ƛƳǳƭŀǘƛƻƴ ŀƴŘ /ŀƭƛōǊŀǘƛƻƴ aŜǘƘƻŘƻƭƻƎȅ 

The electro-thermal model used to simulate electron transport in the TLM heterostructures 

combines two-dimensional (2D) DD simulations with 2D heat transport model. In the 

calibration at a low electric field shown in Figure 3.19(a), we have used a low-field electron 

mobility of 1950 cm2 V-1s-1, a saturation velocity of 1.9 × 107 cm s-1 [163] within the 

concentration dependent mobility model, and a contact resistance of 0.3 Ý.mm. At a high 

electric field, a combination of the nitride specific field dependent mobility model [164] with 

Shockley-Read-Hall (SRH) recombination and Fermi-Dirac statistics is used. The Poisson and 

 

Figure 3.18: DC I ï V measured characteristics of the AlGaN/GaN TLM structures. The arrows 

indicate the bias at which temperature of the structure shown at the given electric field is measured 

at the surface. 


































































































































































































































