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ABSTRACT 

AlGaN/GaN based high electron mobility transistors (HEMTs) are rapidly progressing towards 

becoming prime candidate for high power, high frequency and high temperature electronics 

applications and the reason is having several outstanding and unique electrical properties like 

large energy band gap, high electron mobility, high saturation velocity, low thermal impedance 

and high breakdown field. Device dimensions of HEMTs are being continuously scaled down 

with the advancement of ultra large scale integration (ULSI) and very large scale integration 

(VLSI) technology for achieving high speed, high packing density and improved performance. 

This continual downscaling has invoked dominance of several short channel effects (SCEs) 

because of reduced gate controllability over the channel and resulted in poor carrier transport 

efficiency and degraded performance. Numerous new architectures have been developed to 

diminish these SCEs. Gate material engineering technique in which the gate electrode is 

composed of more than one material with different work function has been adopted by many 

devices to acquire better SCE handling capability. In the triple material gate HEMT, the gate 

electrode is formed by fabricating three materials with different work functions laterally.  The 

work function of the material near the source is the highest and that near the drain end is the 

lowest. The high work function near the source results in enhanced carrier transport efficiency 

due to quick acceleration of carriers in the channel and the low work function near the drain 

leads to decrease in electric field peak at the drain end and reduction of hot carrier effect. 

Moreover, two screen gates screen the effect of drain potential on the source-channel barrier 

and suppress drain induced barrier lowering (DIBL) effect. In this work, a two dimensional 

analytical model of channel potential, electric field and threshold voltage of triple material gate 

(TMG) AlGaN/GaN HEMT has been developed. Two dimensional Poisson’s equation with 

suitable boundary conditions has been solved to derive the channel potential using parabolic 

approximation method. Spontaneous and piezoelectric polarization induced charges at the 

AlGaN/GaN interface have been incorporated in the model. Effect of traps produced due to 

process defects during device growth has been analyzed. The device performance has been 

explored with the variation in various device parameters like total channel length, ratio of 

length of different gate metals, barrier layer thickness etc. and compared with single material 

gate and dual material gate HEMT structures. Superior performance of TMG HEMT over other 

device structures has been found in terms of reduction of SCEs and enhanced carrier velocity. 

Results from the proposed analytical model have been validated against the data obtained from 



  

 
 

xvii 
 

a commercially available numerical device simulator. Moreover, proper investigation of self-

heating effect is necessary in GaN-based HEMT devices as this significantly impacts device 

performance and reliability. Therefore, a simulation model has been developed in this work to 

explore the self-heating effect of the proposed device structure. Temperature distribution 

profile across the device has been obtained and effects of different device parameters and bias 

voltages on maximum operating channel temperature have been demonstrated.    
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CHAPTER ONE 

INTRODUCTION 

High Electron Mobility Transistor (HEMT), having several attractive features like high carrier 

mobility, large breakdown voltage, reduced impurity scattering, high sheet charge density and 

efficient thermal transport, have become a dominant choice among transistors to be used in 

high frequency, high temperature and high power applications [1-5]. A two dimensional 

electron gas (2DEG) channel, formed at the heterointerface of wide and comparatively narrow 

bandgap materials, acts as basis for operation of HEMT. Large amount of sheet carrier 

concentration generated at the 2DEG channel paves the way for having copious exciting 

features and ensures superior performance of HEMT over other devices. Nitride based devices 

such as AlGaN/GaN HEMTs are proved to provide much more efficient operation over other 

HEMT devices because of having high peak electron drift velocity and large critical electric 

field. These result in increased breakdown voltage, large scale current density and enhanced 

power density [2]. High conduction band offset between AlGaN and GaN and a high carrier 

concentration in 2DEG channel without any kind of deliberate doping, just due to the presence 

of strong spontaneous and piezoelectric polarization effects [6] have made AlGaN/GaN HEMT 

an attractive device among other nitride based hetero structures for wireless BTS applications, 

radar and satellite communication services [7-9]. Continuous downscaling of HEMT to 

incorporate ULSI and VLSI technology has intensified device performance degradation 

problems. Reduced control of gate over the channel resulting from scaling down the devices 

into nanometer regime gives rise to the short channel effects (SCEs) like hot carrier effect, 

drain induced barrier lowering (DIBL), threshold voltage shift [10] etc. which ultimately 

deteriorates device performance and quality. Observing this concerned effect and for further 

downscaling of the device, several techniques have already been taken to lessen SCEs and 

abate the problems arising from this. Gate engineering approach is considered to be one of the 

most efficient techniques in this regard in which the gate terminal is composed of more than 

one material with different work functions connected side-by-side. In such structure, the metal 

gate with the highest work function is called the control gate while the other metal gates are 

known as screen gates. This methodology was first implemented for MOSFET by Long et al. 

[11] in which two different metals were used to form the gate contact and thus the structure 
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was named as Dual Material Gate MOSFET (DMG MOSFET). This device provides less 

amount of drain control and ensures more gate controllability over the channel by forming a 

step function shaped surface potential distribution. Later on, Kumar et al. implemented the 

technique in HEMT and proposed a device named DMG HEMT [12]. DMG HEMT provides 

enhanced average carrier velocity by introducing the gate metal with higher work function near 

the source as well as reduced peak electric field at the drain end owing to placement of gate 

material with lower work function near the drain terminal.  

Recently, after further modification of DMG MOSFET, a new structure titled as Triple Material 

Gate MOSFET (TMG MOSFET) device has been proposed where three metals with varying 

work functions were employed to form the gate contact. Various theoretical, experimental and 

simulation studies with this structure have revealed its better performance with respect to DMG 

MOSFET in terms of mitigation of SCEs and providing high carrier velocity [13-16]. More 

steps in surface potential and electric field profile in TMG MOSFET compared to DMG 

MOSFET accounts for improved screening of the effects of drain voltage over the channel and 

much more weakened hot carrier effect. TMG technique has also been exploited for tunnel FET 

and FinFET [17, 18]. But till now, no analytical model has been reported to investigate the 

outcome of implementing TMG structure technique for AlGaN/GaN HEMTs. Furthermore, 

along with electrical characteristics, proper study of thermal performance of the device is 

equally important to utilize the structure in numerous high temperature and high power 

applications. Self-heating effect, associated with the device operation at high power density 

level, is responsible for diminishing electron mobility due to enhanced phonon scattering and 

thus reducing device efficiency. Average temperature rise and non-uniform distribution of 

dissipated power, leading to the formation of hotspots near device channels, result in 

degradation of the drain current, gain and output power, increase in gate-leakage current and 

poor reliability. Therefore, for device optimization, it is important to study the self-heating 

effects in AlGaN/GaN HEMTs considering different aspects. No model has been developed 

yet to examine the self-heating effects in DMG and TMG AlGaN/GaN HEMTs. 

In this work, an analytical model has been developed to determine channel potential profile, 

electric field distribution and threshold voltage of TMG AlGaN/GaN HEMT. The model is 

built up by solving the two dimensional Poisson’s equation using parabolic approximation 

procedure along with required boundary conditions. Both spontaneous and piezoelectric 
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polarization effects and temperature and mole fraction dependence of different device 

parameters have been taken into consideration to properly perform the formulation and 

describe the device characteristics. Effect of trapped charge formed during device fabrication 

will be analyzed for more realistic modeling of the device. Impact of changing various device 

parameters on analytically determined profiles has been examined thoroughly and comparison 

with Single Material Gate (SMG) HEMT and DMG HEMT is also performed to identify the 

most efficient device in terms of speed and performance parameters. A simulation model has 

also been established for this structure using 2D device simulator. The results obtained from 

both analytical and simulation models have been compared to validate our proposed model. 

Quantum Mechanical Effect (QME) and ballistic transport phenomena have not been 

considered in this study as the channel length of the proposed device structure is taken to be 

long enough to ignore these effects. Temperature rise across the proposed device arising from 

self-heating effect has been explored by building up a simulation framework and effect of 

various parameters on temperature profile has been investigated.   

1.1 Literature Review 

Khan et al. [19] have first explored AlGaN/GaN HEMT and reported its high-frequency 

characterization. Superior values of cutoff frequency and maximum oscillation frequency were 

found in comparison to FETs, based on other wide band gap semiconductor materials. Later, 

various researches have been performed to investigate polarization phenomenon and trapping 

effect associated with the device.  

Polarization works as a unique feature and plays a vital role in the formation of 2DEG at the 

hetero interface in AlGaN/GaN HEMTs. A number of researches have been explored to explain 

the polarization phenomenon and its impact on device characteristics [20-24]. Ambacher et al. 

[20] have studied the formation of 2DEG induced by spontaneous and piezoelectric 

polarization in AlGaN/GaN heterostructures. They have reported analytical expressions and 

calculated polarization induced sheet charge and sheet carrier concentration. Kumar et al. [21] 

have investigated the effect of spontaneous and strain dependent piezoelectric polarization in 

2D analytical model of single material gate AlGaN/GaN HEMT and found current voltage 

characteristics and small signal parameters. Kumar et al. [22] have incorporated spontaneous 

and piezoelectric polarization induced charges in the analytical model using accurate velocity 

field relationship to predict the dc and microwave performance of AlGaN/GaN modulation 
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doped field effect transistor (MODFET). High current level, high cutoff frequency and large 

transconductance values have been obtained in their study. Asbeck et al. [23] have performed 

experimental study to estimate piezoelectric charge density at (0001) AlGaN/GaN interfaces 

of undoped HFET structures grown by both MBE and MOCVD. It has been observed that sheet 

carrier concentration increases with the increase in mole fraction of Al in AlGaN. Lenka et al. 

[24] have investigated 2DEG transport properties of the charge carriers of AlGaN/GaN and 

AlGaAs/GaAs HEMT structures considering spontaneous and piezoelectrical polarization 

effects and various subbands in the 2DEG. In this work, conduction band profile and subband 

structure of AlGaN/GaN HEMT have been calculated by a self-consistent numerical method 

and a sharp 2DEG has been found.  

Furthermore, effect of traps in different layers formed from various defects during device 

growth have been investigated in multiple research works [25-29]. Zhang et al.[25] have 

explored the effects of the AlGaN/GaN interface traps on the transient response of AlGaN/GaN 

HEMT by dint of experimental works and numerical simulation. Analysis of the drain current 

stimulated by the gate and drain turn on voltage pulses has been performed to identify the 

influence of the trapped charges. Tirado et al. [26] have investigated the impact of the surface 

trap on the transient response of AlGaN/GaN HEMTs. Drain current dispersion effect along 

with gate-lag and drain-lag turn on measurements have been examined when gate and drain 

voltage pulses were applied. Bradley et al. [27] have identified the defects in each layer of 

AlGaN/GaN HEMT using low energy electron excited nanoscale luminescence spectroscopy 

(LEEN) and correlated their effect on two-dimensional electron gas (2DEG) confinement. 

AlGaN/GaN heterostructures with different electrical properties have been investigated using 

incident electron beam energies of 0.5 to 15keV to probe electronic state transitions within 

each layer of the heterostructure. Klein et al. [28] have utilized photoionization spectroscopy 

technique to characterize and identify trap centers causing current collapse in AlGaN/GaN 

HEMT grown by metal organic chemical vapour deposition (MOCVD) process. Binari et al. 

[29] have explored buffer and surface trapping effects, on microwave power performance of 

AlGaN/GaN HEMT.      

Various methodologies have been undertaken to examine the influence of self-heating effect 

which occurs because of collisional energy loss from electrons to the crystal and limits high 

power high frequency performance of AlGaN/GaN HEMTs [30-34]. Chattopadhyay [30] has 

presented a physics based unified analytical model describing the relationship of self-heating 
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effect with device structure and channel current. Hoschet al. [31] have investigated effect of 

self-heating in high power AlGaN/GaN HEMT by performing Micro-Raman thermography 

measurements to obtain the device temperature at various power and voltage levels. They 

observed the influence of drain voltage on temperature distribution of the device while the 

dissipated power was kept constant by applying a gate bias. The results were further 

investigated and explained through numerical electro-thermal device simulations. Ahmad et al. 

[32] have developed UV-Raman spectroscopy to determine the temperature distribution profile 

in AlGaN/GaN HFET for various drain and gate voltages. Measurements were carried out 

using micro-Raman scattering excited by above band gap ultraviolet and below band gap 

visible laser light. Ultraviolet excitation probes the GaN near the AlGaN/GaN interface of the 

device where 2DEG carries the source-drain current. The experimental results were verified by 

electrical and thermal simulations. Gaska et al. [33] have studied comparative analysis of self-

heating effects in AlGaN/GaN HFETs grown on conducting 6H-SiC and insulating sapphire 

substrates using experimental measurements. Self-heating kinetics and characteristics heating 

times have been investigated in that study. It has been demonstrated that AlGaN/GaN HFETs 

grown on SiC substrate provide superior electron transport properties along with excellent 

thermal properties. Wu et al. [34] have examined the effect of self-heating on current, power 

and temperature profile under pulsed and DC conditions. Self-heating effects were found to be 

significant even for very short pulse widths as hot phonons or non-equilibrium phonons might 

cause current (electron velocity) suppression for short pulses.   

The scaling of HEMTs into micrometer and sub micrometer range for achieving high speed 

operation has intensified several short channel effects and as a result, numerous studies have 

been performed to explain the drawbacks arising from short channel effects and approaches 

have been taken to counteract the problems [10, 35-39]. Awano et al. [35] have reported 

electron transport and high speed performance measurements of quarter micrometer gate 

AlGaAs/GaAs HEMT by fabricating the device as well as by accomplishing two dimensional 

Monte Carlo simulation. The simulation was performed by calculation of electron transport 

simultaneously with the Monte Carlo method and Poisson’s equation and shorter room 

temperature propagation delay, high transconductance and high unity current gain cutoff 

frequency have been found. But gate lengths of the devices have been shrunken more 

afterwards and then SCEs have become prominent with this structure and ultimately 

performance degraded. Then the same group [10] has performed Monte Carlo simulation and 
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experiment to investigate short channel effects of subquarter micrometer gate HEMTs. Effect 

of aspect ratio of the channel on HEMT performance has been discussed. Chen et al. [36] have 

lifted up the improvement in diminishing short channel effects (SCEs) of AlGaN/GaN 

MODFETs by using dual gate structure. SCEs are minimized due to screening of the drain 

voltage by application of dc bias at the second gate and both high cut off frequency and large 

breakdown field are obtained. Yet, carrier transport efficiency dependent on electric field 

distribution along the channel does not improve in this structure. Palacios et al. [37] have 

studied the effect of using a back barrier to the electrons in deep submicrometer gate length 

GaN/ultrathin InGaN/GaN heterojunction. Electric field induced by polarization in the InGaN 

layer elevates the conduction band in the GaN buffer over the 2DEG channel and increase the 

confinement of the 2DEG. Thus significant improvement in output conductance and pinch off 

voltage have been found because of the enhanced modulation efficiency of the electrons in the 

channel. Shur [38] has presented an analytical model of split gate FET (SFET) structure for 

short channel AlGaAs/GaAs HEMT. Two closely spaced gates exist in split gate structures and 

a more positive gate voltage is applied to the gate closer to the drain end. This leads to higher 

electric field under the gate that is nearer to the source and causes a prompt increase in electron 

velocity. As a result, increased average carrier velocity and faster carrier transport are obtained. 

Ismail et al. [39] have utilized the split gate FET approach for a shorter gate length 

AlGaAs/GaAs HEMT. The structure provides enhanced controllability of threshold voltage 

and reduced short channel effects. However, high speed performance is hampered in split gate 

structure due to inherent fringing capacitance between the gates.  

Gate material engineering technique, i.e. use of more than one material to form the gate 

electrode in order to reduce SCEs and achieve high efficiency have been reported in various 

literatures. Some works focused on Dual Material Gate (DMG) structure [11,12] while 

recently, researchers have dealt with Triple Material Gate (TMG) structure for different FETs. 

[13,14,17,18]  Long et al. [11] have carried out experimental study and numerical simulation 

to examine the performance of dual material gate (DMG) HFET device in which two laterally 

connected materials with different work functions formed the gate terminal. The work function 

of the gate material near the source end is greater than that of the gate metal near the drain end 

to make the threshold voltage near the source higher than the drain. As a consequence, charge 

carriers accelerate quickly in the channel and carrier transport efficiency has been improved. 

SCEs also get reduced due to having steps in the channel potential. Kumar et al. [12] have 
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developed a 2-D analytical model for channel potential and electric field of DMG AlGaN/GaN 

HEMT. It has been shown that drain potential variations are screened by the gate near the drain 

end because of the step function in channel potential profile produced by the difference in work 

functions of the gate metals. However, effect of polarization induced charge and trapping effect 

have not been incorporated and investigated in this work. Chiang et al. [13] have presented an 

analytical subthreshold behavior model of 2D potential, threshold voltage and subthreshold 

current for short channel tri material gate stack SOI MOSFET based on the exact solution of 

2D Poisson’s equation. Dhanaselvam et al. [14] have performed analytical modeling of triple 

material surrounding gate (TMSG) MOSFET to obtain surface potential, electric field and 

threshold voltage by solving 2D Poisson’s equation using parabolic approximation method. 

The advantage of incorporating both TMGS MOSFET and tunnel FET structures in a single 

device namely triple material surrounding gate tunnel field effect transistor (TMSGTFET) have 

been proposed by Vanitha et al. [17]. An analytical model has been developed based on 

solution of 2D Poisson’s equation in cylindrical coordinate system using parabolic 

approximation technique. Li et al. [18] have performed simulation study of tri material gate 

FinFET using a 3D device simulator to explore surface potential, electric field and carrier 

velocity distribution. In all the TMG structures for various FETs, improvements are achieved 

compared to their corresponding DMG and SMG architectures in terms of (1) suppression of 

SCEs due to the formation of more steps in surface potential profile and thus screening the 

impact of drain potential variations and (2) enhancement of carrier transport efficiency as small 

voltage difference arising from different gate materials leads to uniform electric field 

distribution along the channel.   

1.2 Objectives of the Work 

This research is focused on utilizing gate material engineering technique in the form of using 

three materials with different work functions in the gate electrode of AlGaN/GaN HEMT in 

order to reduce various short channel effects arising from continuous downscaling of the 

devices. To the best of our knowledge, no model of this structure has been reported yet. 

Therefore, the purpose of the proposed work is to develop an analytical model of the device 

structure to investigate the device physics and characteristics and also to develop its thermal 

model to study the self-heating effect.     
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In this work, a two dimensional analytical model of channel potential, electric field and 

threshold voltage of triple material gate AlGaN/GaN HEMT will be developed. Channel 

potential of the device will be obtained by solving two dimensional Poisson’s equation using 

proper boundary conditions. Polarization effect and effect of temperature and mole fraction on 

different device parameters will be taken into consideration to properly perform the 

formulation and describe the device characteristics. Effect of various trapped charges, formed 

from defects during the device growth, will be analyzed for more realistic modeling of the 

device. Several short channel effects like drain induce barrier lowering (DIBL), hot carrier 

effect, threshold voltage roll off etc. will be explored. Impact of various device parameters such 

as total channel length, individual metal gate length ratio, AlGaN layer thickness etc. on the 

device performance will be investigated. A comparative study with other HEMT structures in 

terms of various device characteristics will be carried out. The proposed model results will be 

validated against the data obtained from a commercially available numerical device simulator. 

Finally a simulation model will be developed to investigate the self-heating effect in the device 

supported on silicon carbide (SiC) substrate and impact of different device parameters and bias 

voltages on channel temperature will be explored.      

1.3 Thesis Outline 

The thesis is organized as follows- 

Chapter one introduces the topic of the thesis. The motivation behind this thesis work is 

described in this chapter. This chapter also presents review of related previous researches and 

shows how other groups have investigated the critical problems associated with AlGaN/GaN 

HEMTs and made attempts to tackle those. A summary of the definite objectives of the work 

are also included. 

Chapter two presents theoretical background on AlGaN/GaN HEMT. First, structural and 

electrical properties of GaN are described. Then device structure and polarization effect of 

AlGaN/GaN HEMT followed by principle of formation of two dimensional electron gas 

(2DEG) are explained. Finally, second chapter concludes with the description of trapping 

effect, thermal issues and various applications of AlGaN/GaN HEMT.   

Chapter three deals with the device structure and development of the analytical model of 

channel potential, electric field and threshold voltage of TMG AlGaN/GaN HEMT. Two 
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dimensional Poisson’s equation has been solved using proper boundary conditions to derive 

the mathematical expression of various device parameters.   

Chapter four contains a simulation framework built up to explain self-heating phenomenon 

in AlGaN/GaN HEMT using finite element method (FEM). The chapter describes the working 

principles of the simulation model. 

Chapter five is devoted to the graphical representation and analysis of the results obtained 

from the proposed analytical model and authentication of those results with the outcomes found 

from commercially available 2D device simulator. This chapter shows substantial 

improvements found in TMG HEMT in terms of reduction of SCEs and enhancement in carrier 

transport efficiency compared to the other structures.     

Chapter six summarizes the overall research work and suggests the scope of future work. 
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CHAPTER TWO 

THEORETICAL BACKGROUND 

2.1 Material Properties of Gallium Nitride (GaN): 

2.1.1 Structural Properties: 

Three types of crystal structures exist for majority of group III-nitride devices: Wurtzite 

(hexagonal), zinc-blende and rock salt structures. Thermodynamically stable phase under 

ambient conditions is the Wurtzite structure whereas a metastable type of structure is zinc-

blende which is formed when a film is grown on a cubic substrate like GaAs and 3C-SiC. The 

rock salt structure does not exist naturally and can only be developed under high pressure 

condition. The Wurtzite structure has a hexagonal unit cell with two lattice constants, a and c 

as shown in the figure 2.1.   

 

Fig. 2.1 The Wurtzite structure of GaN (Figure is adopted from Ref. [40]) 

On the other hand, zinc-blende structure has a cubic unit cell and possesses higher degree of 

crystallographic symmetry because of having equal lattice constants in three perpendicular 

directions. GaN devices usually exist in Wurtzite structure which can be grown with two 
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polarities (Ga-face and N-face) along the c axis subject to the atomic order through growth 

direction [41].  Presence of strong spontaneous and piezoelectric polarization effects is a unique 

feature of Wurtzite group III-nitride structures [42,43]. Three defining parameters for Wurtzite 

crystal are the edge length of the basal hexagon (a0), the height of the hexagonal lattice cell 

(c0), and the cation-anion bond length ratio (u0) along the [0001] direction. Equilibrium lattice 

parameter values are indicated by the subscript ‘0’. The values of c0/a0 ratio and u0 are 1.633 

and 0.375 in an ideal Wurtzite crystal [40,42]. 

2.1.2 Electrical Properties: 

A semiconductor material should possess the following properties: large energy band gap, high 

thermal conductivity, low dielectric constant and large breakdown field for high frequency and 

high power applications. Large band gap enables withstanding high internal electric field 

before the occurrence of breakdown and provides enhanced radiation resistance. Thermal 

conductivity of a material defines the ability to dissipate heat from the device efficiently which 

leads to reduced device temperature and improved performance. Dielectric constant is a 

measure of the capacitive loading capacity of a transistor and it also affects the device terminal 

impedance [44]. The dielectric constant of large band-gap semiconductors is nearly 20% lower 

than the other conventional semiconductors which allows them to be about 20% larger in area 

for a given impedance. Increased area leads to higher RF currents and higher RF power thereby. 

Critical electric field for electronic breakdown refers to the maximum amount of electric field 

that can be supported by the device before breakdown. Large electric field affords large 

terminal RF voltage and thus generates high RF power. Significant material properties of GaN 

in comparison with other semiconductor materials are shown in Table 2.1 [45-47].   

Band gap of GaN is quite high (3.42 eV) which ensures enhanced performance at high 

temperature and high voltage conditions [48.49]. The critical field for GaN is around 300 V/µm 

meaning that for electrodes on GaN with a spacing of 1µm, then theoretically a bias voltage of 

just above 300 V could be applied without material breakdown. Higher thermal conductivity 

has made GaN suitable for high power operation. Larger saturated electron drift velocity of 

GaN compared to other materials facilitates high saturation current and high frequency 

application. Faster switching frequencies result from GaN HEMT based circuits, as a result, 

smaller capacitors and inductors are needed which minimize overall size and cost. GaN based 

devices have been reported to work beyond 300oC [50]. Consequently, there is little need for 
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large heat sinks and expensive cooling systems. Higher radiation hardness is found in GaN in 

comparison with GaAs [51]. As a stiff material, GaN is easy to handle mechanically and it is 

electrically stable too. Moreover, Ga-face GaN crystal shows robust chemical inertness against 

strong acids and bases [52]. 

Table 2.1 Material properties of various semiconductor materials 

Property Si GaAs 4H-SiC 6H-SiC GaN 

Bandgap (eV) 1.12 1.42 3.27 3.02 3.4 

Breakdown electric field 

(MV/cm) 
0.3 0.4 3 3.2 3.3 

Relative dielectric constant 11.7 12.9 9.7 9.66 8.9 

Thermal conductivity 

(W/m.K) 
150 55 370 490 130 

Electron mobility (cm2/V.s) 1400 8500 900 400 1000 

Saturated electron drift 

velocity 1 1 2 2 2.5 

(×107 cm/s) 

Melting point (K) 1415 1238 2827  2791 

Hole mobility (cm2/Vs) 450 400 120 90 200 

        

2.2 AlGaN/GaN HEMT: 

Having evolved as an attractive choice as device for micrometer wave power amplifiers and 

high temperature applications, at present, AlGaN/GaN HEMT is considered as a backbone of 

both optical and microwave high power electronic applications. Various exciting and unique 

features like high breakdown electric field, high cut-off frequencies, large current density and 

high operating temperature have contributed to the superior performance and efficiency of 

AlGaN/GaN HEMT over other conventional materials used in semiconductor industries till 

date [40,53].      

2.2.1 Device Structure:  

A hetero structure is usually formed by joining two different materials with different bandgaps  
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HEMT, the structure consists of a thin and strained layer of AlGaN on top of a thick relaxed 

GaN layer. The heterointerface is formed at the junction of these two layers acting as two 

dimensional electron gas (2DEG) channel which will be described in the subsequent sub-

section. AlGaN and GaN layers are known as barrier and buffer layers respectively. The metal 

contacts used for source and drain terminals are Ohmic contact whereas Schottky contact is 

used at the gate end. AlGaN can be moderately doped or undoped or unintentionally doped. 

GaN layer is left undoped.  

2.2.2 Polarization:   

Polarization effect, existing as a unique feature in III-nitride based structures like AlGaN/GaN 

HEMTs, plays a dominant role in the origin of electrons resulting in very high carrier 

concentration, known as 2DEG at the heterointerface of AlGaN and GaN layers. Two types of 

polarization phenomena namely, spontaneous and piezoelectric polarization are involved in 

AlGaN/GaN HEMT which are described separately below.   

2.2.2.1 Spontaneous polarization: 

The presence of the smallest and most electro negative group V element, Nitrogen, gives rise 

to a polarization in III-nitride structure without any external electric field or deformation which 

is known as spontaneous polarization. Electronic configuration of nitrogen (1s2 2s2 2p3) implies 

that it has empty outer orbitals which results in strong attraction of the electrons shared to form 

the gallium-nitrogen covalent bond by the Coulomb potential of the nitrogen atomic nucleus. 

Moreover, the Wurtzite III-nitride structure does not possess inversion symmetry along the 

[0001] direction, which along with strong ionicity of the covalent gallium-nitrogen bond, gives 

rise to a strong macroscopic spontaneous polarization along the [0001] direction [40,42-43]. 

The direction of spontaneous polarization vector differs with the polarity of the crystal, whether 

it is Ga faced or N faced. Spontaneous polarization exists in both GaN and AlGaN layers in 

AlGaN/GaN HEMT.          

2.2.2.2 Piezoelectric polarization: 

Mechanical strain induced polarization is known as piezoelectric polarization. Group III-nitride 

devices show strong piezoelectric polarization effect compared to other III-V structures [54].  
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A strain causes a perturbation in the bond symmetry of the tetrahedral arrangement of 

constituent materials as shown in Fig. 2.2.   

 

Fig. 2.2 Stick and Ball representation of the tetrahedral arrangement of Ga and N (Figure is 

adopted from Ref. [54]) 

Either compressive or tensile strain in the (0001) plane changes the bond angles of atoms at the 

base vertices and thus changes their vertical components which results in dipole moment along 

the [0001] direction. In AlGaN/GaN HEMT, piezoelectric polarization occurs in AlGaN layer 

from tensile strain induced by the stress because of the lattice constant mismatch between 

AlGaN and GaN. Because of comparatively large thickness, GaN layer is fully relaxed and 

does not suffer from any stress. As a result, no piezoelectric polarization exist in GaN.   

Two types of polarizations and their directions are shown in Fig. 2.3 where PSP represents 

spontaneous polarization while PPE indicates piezoelectric polarization.  

When AlGaN layer is grown on top of GaN layer, their difference in polarization causes a net 

polarization charge developed at the interface depending on the growth face of the crystal. In 

Ga faced GaN and AlGaN layers grown on c axis, polarization induced net charge bound at the 

interface is positive [20] as shown in Fig 2.3. Although a positive charge develops at the bottom 

of GaN resulting from the polarization, a negligible effect of such charge on 2DEG is 

encountered because of the presence of large number of electrons, traps and defects between 

2DEG and GaN layer which cancel those charges and thus, the effect of this charge is ignored 

in all computations [44]. Spontaneous and piezoelectric induced charges will be opposite if the 

face of growth of the crystal is changed from Ga to N. 
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Fig. 2.3 Spontaneous and piezoelectric polarization field induced charges in AlGaN/GaN 

HEMT 

2.2.3 Formation of Two Dimensional Electron Gas (2DEG): 

The conduction band energy band diagram for the AlGaN/GaN HEMT is shown in Fig. 2.4.    

 

Fig. 2.4 Conduction band energy band diagram of AlGaN/GaN heterostructure (adopted from 

[56]) 

The wider band gap AlGaN is shown to the left side and the comparatively narrower band gap 

GaN on the right. The difference in conduction band energies at the interface of the materials 

results in a conduction band offset ΔEC and a triangular quantum well is formed where the 

electrons which make up the 2DEG will tend to due to preferable (lower) energy. The origin 

and cause of the accumulation of electrons at the heterointerface leading to formation of 2DEG 

is described below. 
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To compensate the polarization induced positive sheet charge density at the interface of the 

AlGaN/GaN HEMT, electrons accumulate at the interface and confine in the GaN layer 

adjacent to the heterointerface to build up a 2DEG because of the presence of the triangular 

quantum well. Many researches have been performed in the last few years to investigate the 

source of electrons for formation of 2DEG [29,42-43,57-59]. There are three types of charges 

present in the structure : polarization induced charge at the heterointerface and the AlGaN 

surface ( σpol), charge because of electrons in 2DEG channel ( 2DEGn ) and charge at AlGaN 

surface formed by states due to broken bonds and other surface defects ( s ). Another source 

of charge arises from doping in the AlGaN layer. But this charge needs not to be taken into 

account if the barrier layer is left undoped. The polarization induced sheet charge is balanced, 

so charge neutrality equation implies that 

     s 2DEGn 0   

So surface states acts as the source of electrons in 2DEG [60]. The position of the energy level 

of these surface states with respect to the Fermi level determines the availability of electrons 

for accumulation in 2DEG channel depending on the thickness of the barrier layer [58,60]. 

Initially, with no electrons in 2DEG, there exists an electric field due to polarization induced 

charges present at both sides of AlGaN layer. Surface donor states exist at a particular energy 

level in the forbidden gap measured relative to the conduction band minimum of the AlGaN 

surface. With increasing barrier thickness t, this level moves higher due to the constant electric 

field in the barrier. Once this level reaches the Fermi level, the surface donor states start 

donating electrons to form the 2DEG at the AlGaN/GaN interface and positive surface sheet 

charge is left behind [55]. The dipole strength reduces with the increase of electrons in 2DEG 

channel which gradually reduces the electric field and causes saturated 2DEG density after a 

critical thickness of the barrier layer [58]. If the barrier layer is doped (n type), additional source 

of electron in 2DEG channel comes from donor impurities. These electrons diffuse across the 

heterointerface to GaN and become confined at the quantum well to add to the 2DEG. Thus 

the total 2DEG concentration depends on polarization effects, doping concentration in the 

barrier layer and conduction band offset.    
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2.2.4 Trapping Effect:  

Trap states present in AlGaN/GaN HEMT can limit the output power performance and 

efficiency to a large extent. The term trap refers to the energy states in the band gap of the 

semiconductor arising from crystal defects, dislocation and impurities. Till now, various 

trapping effects have been explored including current collapse of drain characteristics, gate and 

drain lag transients, light sensitivity, transconductance frequency dispersion and limited 

microwave output power [29]. Locations of trapped charge include AlGaN surface, 

AlGaN/GaN hetero interface and GaN buffer layer as shown in Fig. 2.5.  

 

Fig. 2.5 Possible location of trap states in AlGaN/GaN HEMT  

Surface traps: The atomic layer at the surface has unterminated or dangling bonds resulting 

from perturbation of the perfect periodicity of the crystal lattice. Therefore band structure can 

be changed at the surface and localized energy states can exist in the forbidden energy band 

gap. Two types of surface trap states - intrinsic surface states and defect associated extrinsic 

surface states can occur in the structure. Intrinsic surface states exist in an ideally perfect 

surface and correspond to solution of Schrodinger equation with energy levels within the 

forbidden band gap. Defects and impurities at the surface result in developing extrinsic surface 

states which are formed during crystal growth or in subsequent device fabrication process. 

These surface states act as donor traps [61] and are major source of electrons in forming 2DEG, 
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as discussed in the previous subsection. Change in the density of surface traps provokes a 

noteworthy change in 2DEG density. Such traps are also responsible for current collapse and 

gate tunneling phenomena [62-63].     

Interface traps: Interface traps are formed because of interruption of the periodicity of the 

crystal lattice at the heterointerface. The lattice constant mismatch and inherent stress in the 

material interfaces form point defects and threading dislocations in the material which appear 

as defect levels inside the energy band gap. Some additional defect levels in the band gap are 

also created by unintended impurities present in the material during device fabrication process. 

Based on trap type, these defect energy levels can capture electrons or holes and trap them for 

a long time because of their closeness to conduction band minimum or valence band maximum 

[61]. Consequently, 2DEG density in the channel decreases which results in reduction in output 

current.       

Buffer traps: Imperfectly grown crystal with impurities, defects and dislocations in the GaN 

material leads to the formation of deep level trap states within GaN layer which are known as 

buffer traps. Mobile electrons in the 2DEG channel may get injected into the buffer traps 

because of high drain-source voltage applied. The trapped electrons cannot follow the high 

frequency signal owing to the large trapping time constant of the order of milliseconds [62]. 

These trapped electrons generate negative charge, deplete the 2DEG and abate the channel 

current. However, as these trap states lie deep below the conduction band edge and have large 

time constants, their effects may be disregarded.   

2.2.5 Thermal Properties:  

High electron concentration and current flow offered in GaN based transistors produce heat 

across the device by Joule heating effect which is known as self-heating. This heating 

phenomenon takes place during the interaction of conduction electrons and atoms of the 

semiconductor. Phonon, quantized energy package, is generated by the vibration of the crystal 

lattice. When collisions occur between the electrons and the atoms of the crystal during the 

flow of electrons inside the device, energy is transmitted to the lattice from the highly energetic 

electrons and hot phonons are launched. These phonons remain localized in the regions of 

electron flow, accrue and store energy, which ultimately releases as heat. Self-heating poses a 

severe problem for the device by degrading its electrical performance [64]. Channel 



  

 
 

19 
 

temperature can rise to a huge amount above the ambient temperature because of this self-

heating effect. This increase in temperature results in modification of the temperature 

dependent parameters like bandgap, threshold voltage, sheet carrier concentration, mobility 

etc. Mobility reduction with temperature increase causes decrease in current and maximum 

power density and increase in gate leakage current. Substrate on which the device is supported 

plays a significant role in determining the amount of self-heating. Usually, sapphire (Al2O3), 

Silicon Carbide (SiC), silicon (Si) are used as substrate materials for GaN based HEMTs. Issues 

regarding the materials used as substrate are described below:  

1) Sapphire : High melting point and availability have made sapphire (Al2O3) a familiar 

material for using as substrate. The main disadvantage of this material is low thermal 

conductivity (42   Wm-1K-1) [65] which may cause overheating the device.        

2) Silicon : Intrinsic silicon is a popular substrate material for GaN HEMTS. But a nucleation 

layer is to be introduced due to lattice mismatch which increases distance between the channel 

and substrate [66].      

3) Silicon Carbide : High thermal conductivity has made Silicon Carbide a standard choice for 

substrate material in high power GaN HEMTs. But defects present in SiC makes growth of 

GaN layer difficult because of the occurrence of non-uniformity during the crystal growth 

procedure. [65].    

4) Bulk GaN : Bulk GaN substrate can support high temperature operation but by itself it cannot  

sufficiently remove the generated heat during device operation.   

Table 2.2 Thermal conductivities of familiar substrate materials 

Substrate 
Thermal conductivity 

(W/m.K) 

Sapphire 42 

Silicon 150 

Silicon 

carbide 
490 

GaN 130 

Table 2.2 shows thermal conductivity values of different substrate materials. 
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2.2.6 Applications : 

Major fields of applications of GaN based electronics include high efficiency and high linearity 

power amplifiers for base stations in 4G wireless broadband cellular networks, hybrid electric 

vehicles platform, high-voltage power rectifiers (inverter modules), switches (plasma display 

panels, low-frequency high-power switching), high-frequency MMICs (wireless broadband 

communication links), high temperature electronics (automotive, energy production), micro 

electro-mechanical systems, military and commercial aircraft engine electronics, MEMS 

(pressure sensors) and Hall sensors (automotive applications). [40,42,53]  AlGaN/GaN HEMT 

is also used for construction of high temperature digital integrated circuits (IC) which can be 

utilized in chemical reactors, aviation system, intelligent control and sensing circuits for 

automotive engines. AlGaN/GaN HEMTs can work with less cooling and inexpensive 

processing steps for maximizing heat extraction. Moreover, AlGaN/GaN HEMTs exhibit on 

resistance value of <1mΩcm2 compared to >100mΩcm2 for Si which results in reduced on-

state power loss and improved performance.  
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CHAPTER THREE 

ANALYTICAL MODELING OF PROPOSED DEVICE 

3.1 Device Structure: 

Fig. 3.1 Two dimensional schematic diagram of Triple Material Gate Al0.3Ga0.7N/GaN HEMT 

Fig. 3.1 shows the schematic structure of TMG HEMT used in our work. The device consists 

of an n-doped barrier layer of wider bandgap material AlGaN, an undoped spacer layer of 

AlGaN and a buffer layer of narrow bandgap material, GaN. The spacer layer is introduced to 

increase the distance between ionized donor atoms and electron gas formed in the 2DEG 

channel and thus probability of impurity scattering is further diminished. M1, M2 and M3 are 

three laterally connected gate contact forming metals with distinct work functions of ΦM1, ΦM2 

and ΦM3 respectively and L1, L2 and L3 are their corresponding lengths. Metal with ΦM1 

possesses the largest work function among the three which is placed near the source end and 

the metal having ΦM3, which is placed near the drain contact contains the smallest work 

function with respect to the other gate metals. Total AlGaN layer thickness, t = tb+ts, where tb 

is the barrier layer and ts is the spacer layer thicknesses respectively. Gate and drain bias 

voltages are denoted as Vgs and Vds and are assumed to be -0.2V and 0.2V respectively unless 

stated otherwise and the source is kept grounded.  
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3.2 Channel Potential: 

This section presents the modeling of two dimensional (2D) potential distribution of a triple 

material gate HEMT. Assuming uniform doping density in the channel area and fully depleted 

region under the gate at normal working conditions which is due to the combined effect of 

Schottky barrier at the surface and diffusion of electron into the channel at the heterojunction, 

we solve 2D Poisson’s equation to obtain two dimensional electrostatic potential, (x, y)  as 

  D
2

s

2

2 2

q(x, y) (x, y)

x y

N  


  
   0 x L                       (1) 

where q is the electron charge, ND is the impurity density of AlGaN barrier layer, εs is the 

permittivity of AlmGa1-mN and can be expressed as a function of mole fraction of Al [6] 

  s 9.5 0.5m                      (2) 

where m is Al mole fraction in AlGaN. 

The solution of Eq (1) i.e. the potential distribution along the vertical direction can be 

approximated by a second order polynomial function as 

  
2

0 1 2(x, y) (x) (x)a a (y t) (x)(y ta )    
                 (3) 

Here, 0a (x) = Φc (x) is the potential at the hetero interface location and called channel potential, 

a1 and a2 are arbitrary constants. 

As the gate terminal is composed of three different materials placed side by side, the potential 

distribution under three metal regions (M1, M2 and M3) is given by 

  2
i ci i1 i2(x, y) (x) (x)(y t)a (x)(y t)a                     (4) 

the symbol i represents three separate regions under three metal gates with different work 

functions which is defined as 
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Parameters in Eq. (4) for three different values of i can be obtained by applying the following 

boundary conditions, 

1. The potential at the AlGaN surface after applying the gate to source voltage, Vgs is found as, 

  i gsi(x,0) V                     (6) 

where  gsi gs FBiV V V                      (7) 

VFBi are flat band voltages of the three metal gates which can be found from the following 

relationships, 

FB1 M1 aV   , FB2 M2 aV    and FB3 M3 aV   . 

a is the work function of AlGaN and is given by,  

  
,Alg

a f
aN

a
GE

2
                      (8) 

where a  is the electron affinity of AlGaN, Ng,AlGaE is the energy bandgap of AlGaN at T = 

300K and f is the Fermi potential which is expressed as 

   f T
i

Dln( )
N

V
N

                      (9) 

where B
TV

q

k T
 is the thermal voltage at T = 300K, kB is the Boltzmann constant and Ni is 

the intrinsic carrier concentration.  

2. Channel potentials at the interfaces of the metal gate 1 and 2 and metal gate 2 and 3 are 

continuous.  

  1 1 2 1( , t) ( , t)L L                               (10) 

  2 1 2 3 1 2( , tL  ) ( ,L tL ) L                               (11) 

3. Electric fields at the interfaces of the metal gate 1 - 2 and metal gate 2 - 3 are continuous.  

  1d (x, y)

dx


 
x=L1

= 2d (x, y)

dx


 
x=L1

                           (12) 
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   2d (x, y)

dx


 
x=L1+L2

= 3d (x, y)

dx



x=L1+L2
               (13) 

4. Electric fields at the heterointerface for three different metal gates are given by, 

   id (x, y)

dy



 y=t 
= he,iE                 (14) 

where Ehe,i is given in  [67]  as 

   si
he,i

s

qN
E


                        (15) 

where Nsi is the sheet carrier concentration in the 2DEG channel and is given in [68]  by 

   

2
42 2 gsi ai

si
4

4 (p p p V V )
N

p2
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                     (16) 

where p1, p2, p3 and p4 are temperature dependent parameters and are expressed as follows 

   3 2
1 1 2 3 4p b T b T b T b                             (17) 

   5 4 3 2
2 1 2 3 4 5 6p k T k T k T k T k T k                    (18) 

   3 2
3 1 2 3 4p h T h T h T h                    (19)

   
s

4 3

t
p p

q
 


                   (20) 

The arbitrary constants, b1-b4, k1-k6 and h1-h4 in Eq. (17) – (19) can be found from [69]  

Vai in Eq. (16) is defined as 

    ai oi 1V V p                         (21) 

Where oiV  is the voltage required to annihilate the 2DEG and is given in [69] as 

   
2

D b
oi

s s

polsbi c r

s

tE N t N
V

tq qt

q q 2


 










               (22) 
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Here, sbi  is the Schottky barrier height for three different gate metals, trN  is the net charged 

traps per unit area, cE  is the conduction band offset at the AlGaN/GaN interface and is given 

in [6] as  

   
m 1 mg,Al Gc a N g,GaNE E E0.7( )


                  (23)

m 1 mg,Al Ga NE


 is bandgap of AlGaN which can be expressed as a function of temperature and 

mole fraction like below [69] 

   
m 1 m m 1 m

GaN
g,Al Ga N g,Al Ga N,RT g

GaN

2
(mE ,T) (m)E E

exp( 1)
T

 


  




        (24) 

where GaN  is the electron-phonon coupling constant, GaN  is the average phonon 

temperature, 
m 1 mg,Al Ga N,RTE (m)


is the bandgap of AlGaN at room temperature which is a 

function of Al mole fraction and is given by [69], 

   
m 1 mg,Al Ga N,RT (m) 6.13m 3.42(1 m) m( )E 1 m


                 (25) 

Energy bandgap of GaN, g,GaNE is expressed as in [69],     

   GaN
g,GaN g,GaN

GaN

2
(T) (0)E

exp( 1)
T

E


 




                         (26) 

pol  in Eq. (22) is the polarization induced sheet charge density at the 2DEG channel and is 

given by [6] 

                    pol piezo m 1 m spon m 1 m sponP Al Ga N P A| l Ga N P|   | GaN |        (27)

 piezo m 1 mP Al Ga N is the sheet carrier density induced by piezoelectric polarization of AlGaN 

and is given by [6] 

    33
piezo m 1 m

33
3

1
1

3(m)C (m)2[d(0) d(m)]
[ (m) ]

d(m) C (m

e

)
P Al Ga N e


              (28) 

where d is the lattice constant parameter, C13, C33 are the elastic constant parameters and e31, 

e33 are piezoelectric constants which are expressed as follows [6]       

  d(m) (0.3189 0.0077m) nm                             (29)
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  13(m) (103 5m aC ) GP                                         (30)

  33(m) (405 32m aC ) GP                                         (31)

  2
31e (m) ( 0.49 0.11m /m) C                                         (32)

  2
33(m) (0.73 0.73me m) C/                             (33) 

For AlGaN layer, spontaneous polarization induced sheet charge density,  spon m 1 mP Al Ga N  

is given by, 

    2
spon m 1 m ( 0P Al Ga .029 0.052m)N C/m                              (34) 

For GaN layer, the sheet carrier density due to spontaneous polarization,  sponP GaN  is -0.029

2C/m    

5. The potential at the source-channel interface is  

  1 bi c1(0, t) (0)                                (35) 

where bi is the built in potential [70].   

6. The potential at the drain-channel interface is given by 

  21 1 bi ds c 13 2 31L L L V L L( , t L) ( )                                (36) 

Taking derivative of Eq. (4) with respect to y at the heterointerface and using Eq. (14), we get 

  i1 he,i(x)a E                                       (37) 

Using Eq. (37), we get from Eq. (4) and (6)  

  
gsi ci he,i

i2 2

(V Ex) t
)

t
a (x




 
                           (38) 

Eq. (4) can be expressed as using Eq. (37) and (38)       

  
gsi ci he,i 2

i ci he,i 2

V (x) t
(x, y) (x) (y t) [ ] (

E
E y t)

t

 
 


                (39) 
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With the help of Eq. (39), Eq. (1) can now be represented as      

  
gsi ci he,iD

2
s

2
ci
2

(V ENx) 2(x) q

tx






   

 
                                     (40) 

where α is given by 

   
t

2
                               (41) 

Eq. (40) can be represented in a reduced form as follows 

   
2

2
i i
2

(x) (x)
0

x

  
 

 
                            (42) 

by taking   
he,i 2D

ci gi si
s

2q
(x) (x) (

t

N
)

E
V    


                            (43) 

General solution to Eq. (42) can be written as 

   x x
i i i(x) A e B e     where 

1
 


                         (44) 

The coefficients Ai and Bi in Eq. (44) can be found by using the previously stated boundary 

conditions and solving the corresponding equations, 

2 2 2
1 bi

L
ds gs3 3 gs1 1 gs2 g 1b 1i s 2

1
{( V V c ) e ( V c ) [(V V ) (c c ) ]

2sinh(
A

L)

             


2 3 gs3 gs2 3 2 3
2cosh[ (L L )] [(V V ) (c c ) ]cosh( L )}                                   (45) 

   
1L

2 gs2 gs
2

1 2 11

1
e [(V V ) (c c )A A ]

2

                              (46) 

1 1 2L L L )
3 1 gs2 gs1 2 1 gs3 gs2 3 2

2 21 1
e [(V V ) (c c ) ] e [(V V ) (c cA ]A )

2 2

               (47) 

   1 gs1 1
2

bi 1B ) A( V c                                (48)

   
1L

2 1 gs2 gs1
2

2 1

1
B B e [(V V ) (c c ) ]

2

                              (49) 
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1 1 2L L L )
3 1 gs2 gs1 2 1 gs3 gs2 3 2

2 21 1
B B e [(V V ) (c c ) ] e [(V V ) (c c ) ]

2 2

                  (50) 

where    
he,iD

s
i

t

N 2
c

Eq
 


                            (51) 

Putting the corresponding iA  and iB  values in Eq. (44), solving for i (x)  and then from (43), 

expression for the channel potential, Φci under three different metal gate regions (i = 1,2,3) can 

be presented as  

   x x
i i i

2
ci gsi(x) A e B e cV                                (52)

  

3.3 Electric Field: 

The electric field along the channel is an important parameter as it determines the carrier 

transport velocity. The electric field profile under the three metal gate regions along the channel 

is found by taking derivative of potential functions expressed in Eq. (39) with respect to x at 

the hetero interface location (y =t) and is given by  

1E (x) = 1d (x, y)

dx



y=t
                                   (53) 

          = c1d (x)

dx


 

          = ds gs3 3 gs2 gs1 1
2 2

bi 2

1
{ ([( V ) V c ] [(V V ) (c c ) ]

sinh( L)
         




2
2 3 gs3 gs2 3 2 3 gs 1bi 1

2cosh[ (L L )] [(V V ) (c c ) ]cosh[ L ])cosh[ x] ( V c )            

cosh[ L x]}                                 (54) 

2E (x) = 2d (x, y)

dx



y=t
                              (55) 

           = c2d (x)

dx


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           = ds gs3 3 gs2 gs1 1
2 2

bi 2

1
{ ([( V ) V c ] [(V V ) (c c ) ]

sinh( L)
         


  

2
2 3 gs3 gs2 3 2 3 gs 1bi 1

2cosh[ (L L )] [(V V ) (c c ) ]cosh[ L ])cosh[ x] ( V c )            

gs2 gs1 2 1 1
2cosh[ L x] [(V V ) (c c ) ]sinh[ L]sinh[ (x L )]}                                  (56) 

3E (x) = 3d (x, y)

dx



y=t
                              (57) 

 = c3d (x)

dx


 

     = 

ds gs3 3 gs
2 2

bi bi 1 1

1
{2 [( V ) V c ]cosh( x) 2 ( V c )cosh[ L x]

2sinh( L)
            


   

gs2 gs1
2

2 1 1 2 3 2 3[(V V ) (c c ) ][ cosh[ (x 2L L L )] cosh[ (x L L )]]               

gs3 gs2
2

3 2 1 2 3 3[(V V ) (c c ) ][ cosh[ (x 2L 2L L )] cosh[ (x L )]]}                       (58) 

3.4 Minimum Channel Potential: 

As three gate metals with different work functions coexist in the TMG HEMT structure, the 

gate metal with the highest work function determines the minimum channel potential. 

Therefore, the region under M1 contains the position at which this channel potential minima 

occurs. Differentiating c1(x) with respect to x and equating the derivative to zero gives the 

minimum channel potential location which is given by, 

   1
min

1

B1
x ln( )

2 A



                            (59) 

where 1A  and 1B  can be found from Eq. (45) and (48) respectively. 

The value of the minimum channel potential is found by replacing the value of xmin with i=1 in 

Eq. (52) and is given by 

   min min 2
c1,

x x
mmin 1 sn 1 g 1i 1(x ) A e B Ve c

 
                  (60) 
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So, min ds gs3 3 min gs1
2 2

c1,min i 1b bi

1
(x ) {[( V ) V c ]sinh( x ) ( V c )

sinh( L)
          


 

min gs2 gs1 2
2

1 min 2 3sinh[ (L x )] [(V V ) (c c ) ]sinh( x )cosh[ (L L )]            

      gs3 gs2 3 2 min 3
2 2

gs1 1[(V V ) (c c ) ]sinh( x )cosh( L ) cV}                      (61) 

3.5 Threshold Voltage:  

Equating the channel potential minima, Φc1,min (xmin) with twice the value of Fermi potential 

and solving for the corresponding Vgs give the threshold voltage, Vth. Hence at threshold 

condition, the following can be deduced from Eq. (59), (60), (51) and (7) for i = 1, 

   f 1th 1th th FB1
he,1th 2D

s

2q
2 2 A B V V ( )

E
 

t

N



                  (62) 

where 1thA = 1A , 1thB = 1B   and he,1thE = he,1E  at gsV = thV  

After some manipulation, Eq. (62) takes the form of Eq. (63)  

   th th
2V VD E F 0                                (63) 

where    
2D X 4MS                                    (64) 

   E ( 2XG) 4(PS MR)                               (65) 

   
2F G 4PR                               (66) 
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p2 q 1
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t p p
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                           (67) 
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ci 2 4 aip p 4p V                                         (68) 

2 2 L 2

s s

32 2

4 c3 4 c1

L Lp p1 2 q 1 2 q 1
M {[ 1 (1 )] [ 1 (1 )]e cosh( )

2sinh( L) t p p t p p

 
        


 

 
 



  

 
 

31 
 

32 2 2
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                              (70)
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    (73) 

Threshold voltage of this device can be expressed by the following equation by using Eq. (63) 

– (73), 

    
2

th

E E 4DF
V

2D

  
                (74) 
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3.6 Simulation Methodology: 

The results of the proposed analytical model have been validated by comparing with the 

outcomes obtained from a simulation model developed with Silvaco International’s software 

package. An input deck was generated in the DECKBUILD™ VWF interactive tool, solved 

through the ATLAS™ routine, and analyzed utilizing the TONYPLOT™ tool. Additionally, 

the BLAZE™ routine, a routine specifically designed for group III-V materials and devices 

with position dependent band structures was utilized to simulate the AlGaN/GaN HEMT. The 

models developed to simulate the operation of semiconductor devices consist of equations 

derived from Maxwell’s laws, Poisson’s equation, the continuity equations and the drift-

diffusion transport equations [71].   
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CHAPTER FOUR 

THERMAL MODELING 

4.1 Self-Heating Issue in AlGaN/GaN HEMT :  

Self-heating is a major concern for AlGaN/GaN HEMT to be used in high power and high 

frequency applications. Hotspots are formed near the conducting channel because of increase 

in temperature and non-uniform circulation of dissipated power which ultimately deteriorates 

drain current and output power. Though large bandgap, high carrier velocity and large 

breakdown electric field have made AlGaN/GaN HEMT capable to operate at high power 

density, Joule heating becomes significant at high power levels which results in degraded 

performance of the device. High temperature of the devices during operation causes rapid 

reduction of mean time to failure (MITF) [72]. Various experimental [73], analytical [30] and 

simulation [74] techniques have been developed to study the effect of self-heating in SMG 

AlGaN/GaN HEMT. But to the best of our knowledge, still no analysis has been performed to 

investigate self-heating effect for DMG and TMG AlGaN/GaN HEMT. In this thesis, Finite 

Element (FE) method is utilized to explore the effects that self-heating employs in TMG HEMT 

using COMSOL multiphysics software, a dependable tool for HEMT analysis [73, 75]       

4.2 Thermal Modeling:  

The structure of TMG AlGaN/GaN HEMT used in the simulation consists of a 100 nm AlGaN 

layer on top of a 600 nm GaN layer on top of a 200 µm silicon carbide (SiC) layer which acts 

as the substrate. Drain and source metal contacts are made of copper (Cu), gate contact is 

composed of three different materials: nickel (Ni), iron (Fe) and tungsten (W). Thickness of 

drain, gate and source electrodes are 20 nm. Electrical and thermal conductivity of different 

materials used in the simulation are given in table 4.1. The bottom of SiC substrate is kept at a 

constant temperature of 300 K (works as a heat sink) and other external boundaries are 

considered to be adiabatic.    

In Joule heating, resistive heating is initiated during the flow of electric current which causes 

increase of temperature. The generated resistive heat Q is proportional to the magnitude of the 

electric current density, J and is expressed as 
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      2Q | J |                (75) 

J is proportional to the electric field, E which is found from the negative gradient of electric 

potential, V.  

      E V                 (76) 

Again, Eq. (75) can be written using a constant of proportionality,  as 

     2 2 21
Q | J | | E | | V |      


             (77) 

where   is the electric resistivity and the reciprocal of the temperature dependent electric 

conductivity,  . The relationship between  and temperature, T is given by 

     0

T 01 (T T )


 

 
               (78) 

where 0  is the conductivity at the reference temperature ( 0T ) and T  is the temperature 

coefficient of resistivity.  

Fourier’s law of heat conduction is numerically solved by using finite element method and the 

temperature distribution profile is obtained throughout the device. 

     .(k T) Q                  (79) 

where k is the thermal conductivity and Q is the heat source, obtained from Eq. (77).  

Table 4.1 Electrical and thermal conductivity of different materials used in thermal simulation 

Material Electrical conductivity  (S/m) Thermal conductivity (W/m.K) 

Ni 1.43 × 107 91 

Fe 1.00 × 107 80 

W 1.79 × 107 174 

Cu 5.96 × 107 401 

AlGaN 556 50 

GaN 1200 130 

SiC 650 490 

 



  

 
 

35 
 

CHAPTER FIVE 

RESULTS AND DISCUSSION 

In this chapter, the results found from the proposed analytical model have been represented 

graphically and validated by comparing with the simulated characteristics obtained from 

commercially available 2D device simulator. Different design parameters used in both 

analytical and simulation study are listed in Table 5.1. In the following sections of this chapter, 

the obtained results from model and device simulator have been analyzed.      

 

Table 5.1 Model Parameters 

 

 

 

 

 

 

Parameters  Symbol  Value 

Barrier layer doping density ND 1023 (m-3) 

Source/Drain doping 

concentration 
ND+ 1026 (m-3) 

Intrinsic carrier 

concentration 
Ni 10-4 (m-3) 

Barrier layer thickness tb 25 (nm) 

Spacer layer thickness ts  5 (nm) 

Total thickness of AlGaN 

layer 
t = tb+ts 30 (nm) 

Ratio of individual metal 

gate lengths 
L1:L2:L3 1:1:1 

Effective channel length L = L1+L2+L3 120 (nm) 

Metal work function of 

region I, region II and 

region III 

ΦM1, ΦM2, ΦM3                

(ΦM1 > ΦM2 > 

ΦM3) 

5 eV (Ni), 4.7 eV (Fe), 4.4 

eV (W)  

Electron charge q 1.6×10-19 (C) 

Temperature T 300K 
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5.1 Channel Potential along the Channel:  

5.1.1 Comparison among Various Device Structures:  

Fig. 5.1.1 Channel potential distribution along the channel position for SMG, DMG and TMG 

HEMT at Vgs = -0.2V, Vds = 0.2V, L1:L2:L3 = 1:1:1 for TMG HEMT 

Fig 5.1.1 presents the channel potential of different structures along the channel position. The 

figure shows that TMG HEMT has the smallest slope channel potential curve among the three 

at the drain end which means the TMG structure suffers from least amount of hot carrier effect. 

Furthermore, there are two steps in channel potential profile of TMG HEMT compared to only 

one step and no step in DMG and SMG HEMT respectively. The steps are the results of work 

function difference among the gate materials. More step changes confirm improved screening 

of the area under the control gate (channel region under M1) from the drain to source voltage, 

Vds. The figure also demonstrates a fine agreement between the results obtained from our model 

and the model developed by Kumar et al. [12] for SMG and DMG HEMT without including 

polarization effect. 

5.1.2 Effect of Ratio of Individual Metal Gate Length:  

Channel potential profile is depicted in Fig 5.1.2 for three different combinations of L1, L2 and  
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Fig. 5.1.2 Channel potential profile of TMG HEMT along the position of the channel for 

various metal gate length (L1, L2 and L3) ratios  

L3 keeping the total channel length, L constant. The channel length under the control gate (L1) 

is considered to be 20nm, 40nm and 60nm while the ratios of L1, L2 and L3 are equal to 1:2:3; 

2:3:1 and 3:2:1, respectively for L = 120nm. The figure evidently discloses the fact that with 

the decrease of L1, minimum channel potential increases which causes lowering of potential 

barrier and decrease of threshold voltage. Thus subthreshold current will increase with the 

smaller L1. Another fact is that, as L1 reduces, position of channel potential minima gradually 

shifts towards the source end and hence decreases the influence of drain to source voltage on 

the channel. Therefore, less amount of L1 reduces DIBL effect significantly. So an optimized 

ratio of control and screen gates is necessary to obtain a reasonable tradeoff between 

subthreshold current and DIBL. 

5.1.3 Variation with Total Channel Length: 

Fig 5.1.3 demonstrates the effect of different channel lengths on channel potential variation 

along the channel position. Minimum channel potential rises with the decrease in channel 

length. Thus the channel barrier becomes smaller and short channel effects become significant. 
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Fig. 5.1.3 Variation in channel potential with the channel position for different values of total 

channel lengths considering L1:L2:L3 = 1:1:1 

5.1.4 Effect of Drain Bias:  
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Fig. 5.1.4 Channel potential variation with channel position for different drain to source 

voltages  

Fig 5.1.4 presents channel potential distribution in TMG structure as a function of drain to  
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source voltages. For various Vds, it is clear from the figure that, there is negligible change in 

potential under M1 region while potential under M2 and M3 regions face significant change. 

That means potential drop in the region under the control gate, M1 is screened by the two 

screen gates M2 and M3 from the variations in drain voltage. For larger Vds , minimum value 

of channel potential increases which leads to the reduction in potential barrier and enhancement 

of carrier transport efficiency at the expense of significant DIBL effect. 

5.1.5 Variation with Barrier Layer Doping Concentration:   

Channel potential variation along the channel for various doping concentration of AlGaN 

barrier layer is presented in Fig 5.1.5. Increase in doping concentration means more amount of 

electrons being diffused from AlGaN to GaN which adds to the 2DEG density at the 

AlGaN/GaN interface. As a result, sheet carrier concentration of 2DEG channel increases 

which yields a reduction in the channel potential barrier. Fig 5.1.5 clearly testifies this fact.  
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Fig. 5.1.5 Change in channel potential with lateral position along the channel for various 

doping concentration of AlGaN barrier layer 
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5.1.6 Changes with Mole Fraction of Al in AlGaN: 

Variation of channel potential with channel position for different Al mole fraction (m) in 

AlmGa1-mN is presented in fig 5.1.6. Large value of Al composition results in an increase in 

bandgap of AlGaN [69]. As a result, conduction band offset at the AlGaN/GaN heterojunction 

is increased and more carriers get confined at the heterointerface. Consequently, sheet carrier 

concentration at the 2DEG channel is increased and source channel barrier height gets reduced 

which is shown in the figure.  
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Fig. 5.1.6 Variation in channel potential profile versus lateral position along the channel for 

different mole fraction values of Al in AlGaN  

5.1.7 Effect of Barrier Layer Thickness: 

Fig 5.1.7 shows channel potential distribution along the position of the channel for different 

AlGaN barrier layer thickness, tb. Channel potential barrier decreases with the increase in tb as 

shown in the figure. As previously described, increase in tb results in a rise in sheet carrier 

density at the AlGaN/GaN heterointerface. Therefore, due to the increase in 2DEG 

concentration, channel potential minima increases and channel potential barrier becomes 

lower. 
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Fig. 5.1.7 Shift of channel potential with lateral position along the channel for different 

thickness of AlGaN barrier layer 

5.1.8 Minimum Channel Potential: Impact of Total Channel Length: 
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Fig. 5.1.8 Minimum channel potential against total channel length for different drain to source 

voltages 

Variation in minimum channel potential with total channel length keeping the L1, L2 and L3 
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ratio same is presented in Fig 5.1.8. Reduction in channel length causes large amount of electric 

flux to enter the source from drain end. Thus channel potential minima increases and this 

increase is more pronounced for channel lengths less than 150 nm. Minimum channel potential 

increases with the increase in Vds due to rise in electric field. For larger channel lengths, drain 

terminal has very little control on the channel and thus channel potential minima becomes 

independent of Vds values which is observed in the figure.  

5.1.9 Polarization Effect:             
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Fig. 5.1.9 Channel potential as a function of lateral position along the channel with and without 

polarization effect  

Impact of polarization on channel potential along channel position is shown in Fig 5.1.9. The 

upper curve represents channel potential distribution with polarization induced charge density 

of 0.0272 C/m2 while the lower curve is found without considering polarization effect. The 

figure signifies that, minimum channel potential increases in presence of polarization effect. 

Spontaneous and piezoelectric polarization induced charges contribute to the sheet carrier 

concentration in 2DEG channel. This high sheet charge density leads to rise in channel potential 

and decrease in channel potential barrier. Device current increases as a result of reduced 

channel barrier height.  
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5.1.10 Effect of Trapped Charge: 

Fig 5.1.10 illustrates the trapped charge effect on channel potential. As trapped charge results 

in reduction of mobile carriers in the channel formed by 2DEG, channel potential minima 

decreases with electron trapping and therefore, channel potential barrier is increased which 

ultimately causes the decrease in current. This effect becomes large with the increase in trapped 

charge.  
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Fig. 5.1.10 Channel potential profile along channel position with different amount of trapped 

charge 

5.2 Electric Field along the Channel:  

5.2.1 Comparison among Various Device Structures:   

Fig 5.2.1 presents the electric field profile of TMG, DMG and SMG HEMTs along the position 

of the channel. Electric field profile of TMG HEMT exhibits two peaks whereas there appears 

a single peak and no peak for DMG and SMG HEMT, respectively. The peaks actually occur 

at the interface of two gate metals with different work functions which increase the average 

electric field in the channel. Electron transport velocity is increased because of this 

enhancement of the average field. Another fact, clearly visible from the figure is that, the peak 

electric field at the drain end has the smallest magnitude for TMG HEMT compared to DMG 
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and SMG HEMT due to having gate metal with the smallest work function near the drain end. 

Therefore, TMG structure suffers from least amount of hot carrier effects. Thus impact 

ionization also gets reduced and results in enhancement of breakdown voltage. 
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Fig. 5.2.1 Variation in electric field with lateral position of the channel for SMG, DMG and 

TMG HEMT  

5.2.2 Effect of Ratio of Individual Metal Gate Length: 

Fig 5.2.2 shows the longitudinal electric field along the channel position for three different 

combinations of length of individual metal gates i.e. different ratio of L1, L2 and L3. Decrease 

of L1 results in a more even allocation of electric field in the channel as the electric field peak 

is shifted towards the source end. It can be observed from the figure that peak electric field at 

the drain terminal is the minimum for TMG structure with 1:2:3 ratio of L1, L2 and L3. Hence 

this particular structure is least prone to hot carrier effects causing enhanced device lifetime.  
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Fig. 5.2.2 Electric field variation with position along the channel of TMG HEMT for different 

ratio of L1, L2 and L3 

5.2.3 Variation with Drain Bias:
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Fig. 5.2.3 Electric field profile along channel position for different drain to source voltages 
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The electric field dependency on drain to source voltages, Vds along the channel position is 

presented in Fig 5.2.3. The plot reveals that peak electric field at the drain end increases with 

the rise of Vds for constant Vgs resulting in boost of hot carrier effect.  

5.2.4 Polarization Effect: 

Effect of polarization on the distribution of electric field along the channel is presented in Fig 

5.2.4. Electric field is found to be smaller at the drain terminal due to the presence                              

of polarization effect which leads to reduced hot carrier effect and improved device lifetime.  
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Fig. 5.2.4 Effect of polarization on electric field distribution along the channel 

5.3 Threshold Voltage:  

5.3.1 Effect of Barrier Layer Thickness: 

AlGaN/GaN HEMT structure developed in this thesis is a depletion mode device since it is 

more natural due to its polarization property. So the device is naturally conductive if no voltage 

is applied between gate and source. To turn off the device, a negative Vgs (known as the 

threshold voltage) is applied so that the electrons under the gate area is depleted. Hence, 

threshold voltage is found to be negative for the proposed structure. Fig 5.3.1 shows the 
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variation of threshold voltage (Vth) with total channel length (L) for different thickness of 

AlGaN barrier layer (tb). The figure clearly shows that for both values of tb, variation of Vth is 

very small at higher channel lengths whereas there is a roll-off of the threshold voltage values 

for smaller channel lengths. For the same channel length, Vth is found to be smaller for thicker 

AlGaN barrier layer due to its higher channel potential minima as observed in Fig. 5.1.7. 

5030 100 150 200 250 300
-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

Channel length (nm)

T
h

re
s
h

o
ld

 v
o

lt
a

g
e

 (
V

)

 

 

Model

Simulation (t
b
 = 25nm)

Simulation (t
b
 = 30nm)

 Fig. 5.3.1. Threshold voltage variation of TMG HEMT with lateral position along the channel 

for different values of tb  

5.3.2 Variation with Total Channel Length: 

The drain to source voltage dependence of threshold voltage for various channel lengths is 

illustrated in Fig 5.3.2. Vth is almost independent of Vds for larger channel length (L = 240 nm). 

Effect of Vds on the control gate becomes larger for short channel and more amount of electric 

flux enters into the channel from the drain terminal. Consequently, source channel barrier gets 

lower and DIBL effect becomes significant which causes a reduction in the Vth with the 

increase in Vds. Fig 5.3.2 clearly signifies the fact for both simulation and analytical model 

outcomes.  

 



  

 
 

48 
 

1 1.5 2 2.5 3 3.5 4

-0.28

-0.29

-0.27

-0.26

-0.25

-0.24

-0.23

-0.22

-0.21

-0.2

Drain to source voltage (V)

T
h

re
s
h

o
ld

 v
o

lt
a

g
e

 (
V

)

 

 

Model

Simulation (L = 240nm)

Simulation (L = 120nm)

Simulation (L = 90nm)

Fig. 5.3.2 Threshold voltage distribution with drain to source voltage for various total channel 

lengths 

5.3.3 Changes with Ratio of Individual Metal Gate Length: 
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Fig. 5.3.3 Threshold voltage versus total channel length for different metal gate length ratios 

Effect of ratio of individual metal gate lengths on threshold voltage for various total channel 



  

 
 

49 
 

lengths is given in Fig 5.3.3. Channel potential minima decreases and as a result, channel 

potential barrier becomes larger with the increase in length of the control gate (L1). Threshold 

voltage value thus gets higher with larger L1 (increased L1:L2:L3). Threshold voltage roll off is 

found to be smaller for high L1 value. The figure also depicts that device with longest control 

gate (3:2:1 ratio of L1, L2 and L3) of L=60 nm experience the reverse short channel effect.  

5.3.4 Effect of Drain Bias: 

Fig 5.3.4 represents the impact of drain to source voltages on threshold voltage at various 

channel length. Threshold voltage gets lower with the increase in drain bias because of greater 

amount of DIBL effect. As DIBL effect gets reduced for a large channel, the threshold voltage 

becomes almost independent of drain to source potential for long channel lengths.  
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Fig. 5.3.4 Variation in threshold voltage with total channel length for various drain to source 

voltages  

5.3.5 Comparison among Various Device Structures: 

A comparison among threshold voltage values of SMG, DMG and TMG HEMT is represented 

in Fig. 5.3.5 for different channel lengths. TMG HEMT needs less voltage to be turned on i.e. 

lower threshold voltage in comparison with DMG and SMG HEMT. Because of this, TMG 
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structure can minimize power dissipation and thus this type of HEMT can be used in low power 

circuits.   
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Fig. 5.3.5 Change in threshold voltage with total channel length for SMG, DMG and TMG 

HEMT  

5.4 Drain Induced Barrier Lowering (DIBL) Effect:  

5.4.1 Comparison among Various Device Structures: 

DIBL effect in case of TMG HEMT for different channel lengths is shown in Fig 5.4.1. DIBL 

is calculated from the following equation: 

th1 th2

ds2 ds1

V V
DIBL

V V





 

where Vth1 and Vth2 are threshold voltage of the device at drain voltages of Vds1 = 0.1V and 

Vds2 = 1.1V respectively. It is observed from the figure that, DIBL is larger for short channel 

devices whereas it is almost zero for long channel structures. Gate terminal gradually loses its 

control on the carriers along the channel with the decrease in channel lengths while drain gets 

more control on it. On the other hand, for a larger channel length, carrier transport along the 

channel is almost fully controlled by the gate terminal and very small influence of drain 
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terminal persists which results in a much reduced amount of DIBL effect. A comparison with 

DMG and SMG HEMTs in terms of DIBL is also shown in the figure. Due to having more 

screen gates than DMG and SMG structures, TMG HEMT provides better screening of the 

channel potential under the control gate region from variation in drain potential and therefore, 

suffers from less amount of DIBL effect.  
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 Fig. 5.4.1 DIBL vs total channel length for SMG, DMG and TMG HEMT structures 

5.4.2 Influence of Ratio of Individual Metal Gate Length:  

DIBL effect against different total channel lengths is plotted in Fig 5.4.2 for various individual 

gate length combinations (different ratio of L1, L2 and L3). As seen from the figure, TMG 

HEMT with 1:2:3 ratio of L1, L2 and L3 suffers from least amount of DIBL among the three 

structures. As stated earlier, control gate, M1 having gate length, L1 is screened from variation 

in drain voltages by the screen gates, M2 and M3 having gate lengths of L2 and L3 respectively. 

Therefore, if length of the screen gates increase, effect of drain potential on the carriers in the 

channel is reduced due to screening phenomenon and better gate controllability is achieved. 

For larger channel lengths, DIBL effect becomes almost negligible and becomes independent 

of L1, L2 and L3 ratio.  
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Fig. 5.4.2 Impact of different ratio of L1, L2 and L3 on DIBL effect in TMG HEMT for various 

total channel lengths 

5.5 Channel Temperature Due to Self-Heating Effect:  

5.5.1 Temperature Profile across the Device: Comparison among Various 

Device Structures 

Fig 5.5.1 displays the temperature distribution profile in TMG HEMT. Finite element analysis 

using COMSOL Multiphysics software is performed to obtain the heat distribution profile 

throughout the device. The temperature rise in the device is an effect of self-heating phenomena 

generated from current flow. Table 5.2 shows maximum channel temperature generated in 

TMG, DMG and SMG HEMTs. Reduced source channel barrier height, enhanced carrier 

velocity along the channel and improved carrier transport efficiency will result in a higher drain 

to source current for TMG structure with respect to the DMG and SMG devices. Though greater 

amount of current will flow in TMG configuration, still temperature does not increase too much 

from the other two structures which is obvious from the table. So TMG HEMT provides both 

superior current carrying capability and better thermal performance.  
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Fig. 5.5.1 Temperature distribution profile across the device for TMG HEMT with L1:L2:L3 = 

1:1:1, Vds = 5V and Vgs = -0.2V 

 

Table 5.2 Maximum channel temperature for TMG, DMG and SMG HEMT 

Structure 
Maximum Channel Temperature 

(K) 

TMG HEMT 334.364 

DMG HEMT 332.354 

SMG HEMT 329.348 

 

5.5.2 Effect of Drain and Gate Biases: 

Fig 5.5.2 shows the impact of drain voltage and gate voltage on maximum temperature rise 

(Tmax) in TMG HEMT. Tmax in the device increases with the rise in drain potential. High drain 

voltage results in an increase in electric field across the channel which increases electron 

velocity. Accelerated electrons increase interaction with the crystal lattice and lead to 

temperature rise by releasing more energy through Joule heating. Increase in gate voltage 

results in an increase in 2DEG concentration leading to rise in current and therefore temperature 

gradually increases with increased Joule heating.  
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Fig. 5.5.2 Maximum temperature in TMG HEMT versus drain to source voltage, Vds for 

different gate to source voltages, Vgs 

5.5.3 Effect of AlGaN Layer Thickness:  
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Fig. 5.5.3 Maximum channel temperature versus AlGaN layer thickness 

Fig 5.5.3 shows that higher channel temperature is found in TMG HEMT with thick AlGaN 

Layer. As shown in Fig. 5.1.7, increase in barrier layer thickness results in reduced source-
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channel barrier height and increase in current density. Thus, channel temperature will rise with 

increased Joule heating.  

5.5.4 Impact of Ratio of Different Gate Metal Length: 

Maximum channel temperature is shown in Fig 5.5.4 for various ratio of gate material lengths. 

Increased Joule heating effect resulting from higher current density is responsible for greater 

channel temperature in case of TMG HEMT with smaller control gate length (L1). Higher 

current density is the consequence of minimized channel potential barrier which is explained 

with Fig 5.1.2. 
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Fig. 5.5.4 Effect of ratio of gate metal lengths on maximum channel temperature. L1 = 60 nm, 

40 nm and 20 nm for L1:L2:L3 = 3:2:1, 2:3:1 and 1:2:3 respectively for total channel length of 

120 nm 

5.5.5 Comparison Among Various Substrate Materials:  

Fig 5.5.5 demonstrates the performance of four different substrate materials in terms of 

maximum channel temperature generated during device operation. Material with higher 

thermal conductivity effectively removes heat from the device and thus channel temperature 

rise gets reduced. Thermal conductivity of the four substrate materials in the figure is listed in 
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Table 2.2. Due to higher thermal conductivity, channel temperature is minimum for SiC and 

hence it can be used for better thermal performance of the device.   
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 Fig. 5.5.5 Maximum channel temperature for various substrate materials 
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CHAPTER SIX 

CONCLUSION 

6.1 Conclusion: 

Continuous miniaturization of HEMTs for the development of ultra high density ICs has 

resulted in degradation of device parameters by increasing short channel effects. Triple material 

gate HEMT is an excellent solution to this problem as it offers good performance parameters 

such as suppressed SCEs, efficient carrier transport and high speed operation. In this work, a 

two dimensional analytical model of triple material gate AlGaN/GaN HEMT has been 

presented. Gate material engineering technique has been employed in this structure by laterally 

connecting three materials having different work function to form the gate electrode. Two 

dimensional Poisson's equation with proper boundary conditions has been solved to derive the 

expression of channel potential using parabolic approximation procedure. Spontaneous and 

piezoelectric polarization induced charges have been incorporated in the model as they make 

significant contribution in 2DEG formation at the heterointerface. Temperature and mole 

fraction dependence of various device parameters have also been included to develop precise 

model of channel potential. Different work functions of the gate metals result in generating 

step function like channel potential profile with two steps which ensure better screening of the 

channel from drain potential and DIBL effect is thereby minimized. Expression of electric field 

has been derived by taking the first order spatial derivative of the channel potential. The study 

reveals the fact that electric field value at the drain end is much lower in TMG HEMT structure 

compared to SMG and DMG devices and hence, hot carrier effect is minimized significantly 

and a higher breakdown voltage is achieved in TMG architecture. Peaks occurring in electric 

field profile at the interface of different gate metals result in an increase of average electric 

field in the channel and enhancement in electron transport velocity as well. Thus, the study lifts 

up the enhanced performance of the proposed device architecture in terms of suppression of 

SCEs and improved carrier transport efficiency. Trapping effects, a major limiting factor of 

device performance, has been analyzed in this work and observed that increase of trapped 

charge causes reduction in 2DEG density. Along with investigating the areas of improvement, 

impact of variation in device parameters and bias voltages like individual metal gate length 

ratio, barrier layer thickness, total channel length, mole fraction of Al, doping density of barrier 

layer and drain to source voltage on different device characteristics have been thoroughly 
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examined. The accuracy of the proposed analytical model has been authenticated by matching 

the results obtained from the numerical simulations. An excellent agreement is observed with 

a reasonable accuracy over a broad range of device parameters. Quantum Mechanical Effect 

and Ballistic Transport have not been included in this work because the device dimensions 

assumed for the modeling are long enough not to cause such effects in a practical device of 

similar dimensions. Self-heating effect of the device has also been studied by developing a 

simulation model with the help of commercially available software package. Temperature 

distribution profile across the device has been explored and compared with the other HEMT 

structures. Effects of drain voltage and gate voltage on maximum temperature generated during 

operation have been investigated. It has been observed in the study that though TMG HEMT 

provides high carrier velocity, temperature increases to an insignificant amount from other 

structures. This concludes, superior device behavior can be achieved without sacrificing 

thermal performance with the proposed device structure. However, fabrication of TMG HEMT 

is a challenging task because of the difficulty associated with depositing three different metals 

on short gate terminal, however this work inspires the potentials of the device in future 

nanotechnology.   

6.2 Scope of Future Works: 

The potential future extensions of the existing work have been listed below: 

 Quantum Mechanical Effects (QMEs) have not been considered in our model as the 

channel length was 120 nm. QMEs become significant at channel lengths below 30 nm. 

However, it will be interesting to explore the quantum mechanical phenomena in the 

TMG AlGaN/GaN HEMT device structure with channel length below 30 nm. 

 

 Ballistic transport phenomena have not been considered in our current model because 

the channel length of the device was 120 nm. Including Ballistic transport phenomena 

in our model for sub 50 nm device structure will, therefore, be an important scope for 

future study. 
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