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Abstract 

As a promising candidate for future high speed devices InN-based heterojunction held 

effect transistor (H FEl') has gained a lot of attention in recent years. I lowever. InN-based 

devices are still a less studied compared with other Ill-nitride based devices. Ihis work 

describes a novel AlInN/lnN heterojiinction field effect transistor (I 1FF]') without and with an 

oxide layer beneath the gate I'or high performance. A quantum mechanical charge control 

model based on the set f-consistent solution of one dimensional Schrodinger-Poisson 

equations is developed. The transport properties such as channel mobility and the 

velocity-field characteristics of the proposed device are calculated using Monte Carlo 

simulation. In order to investigate dc and high frequency perfbrrnances of the device an 

analytical drain current model is developed. The model takes into account the highly 

dominant spontaneous and piezoelectric polarization effects to predict the 21)FG sheet 

charge density more accurately at the heterointerfiice. The effect of parasitic source and 

drain resistances along with gate to source capacitance is incorporated in the high 

frequency analysis. The device transconductance is found from the channel current. The 

cut-off frequency is calculated using a simple equation relating transconductance and 

gate to source capacitance. 

The investigated parameters of the proposed device are maximum drain current (J/mtv). 

threshold voltage (V,,1 ), peak DC transconductance (gin)  and unity gain cut oil frequency 

(I;). The typical DC characteristics for a gate length of 0.25 jim with 100 ,tm gate width 

are as Follows: = 715 mA/mm. g,,, = 280 mS/mm. f = 110 Gl Iz and Vth = -2.50 V br 

I IFLI. While using an oxide layer of thickness 13 nm these values are: = 786 

mA/mm, gn, = 225 mS/mrn.f = 154 Gl lz and V,11  = - 2.52 V. The gate length dependence 

of transconductance and cuit-off fi'equency in AlInN/InN I-IFIF without and with an 

oxide layer has been theoretically investigated. In addition, the variation of these 

performance parameters with a gate to source voltage has also been studied. I he 

calculated values of g,1, is futind to be varied from 280 to 205 mS/mm and 225 to lOS 
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mS/mm (or HFET without and with oxide layer, respectively with the variation of L 

From 0.25 to 1.5j.tm at 2 and V.= 1.5V. The cut off frequency varies from 110 to 12 

GHz and 154 to 26 G}-Iz for HFET without and with oxide layer, respectively with the 

variation of L from 0.25 to 1.5 .tm at Vd = 2 V and Vg.c  1.5 V. The investigated results 

of the proposed device is compared with the GaN-based device and found to show 

excellent performance over the GaN-based devices. 

The above studies indicate that the proposed InN-based HFET is very promising for the 

fabrication of high performance high speed devices. 

vi 



Contents 

PA(;E 

Title Page 

Declaration  

Approval iii 

Acknowledgement iv 

Abstract . v 

List of Tables 

CHAPTER 1 Introduction I-S 

.1 Overview 01 

1.2 Motivation and Objectives 03 

1 .3 Outline of I)isscrtation 05 

CHAPTER II Background Information 6-16 

2.1 Introduction 06 

2.2 Polarization in 111-Nitride materials 06 

2.3 Charge Control in an HFET 09 

2.4 Impact of polarization on sheet charge density 11 

2.5 AlInN/lnN HFETs 12 

2.6 Issues Facing AlInN/InN HFETs 12 

2.7 Dielectric for inN MOSI-IFETs 13 

2.8 Modeling of FETs I 5 

2.8.1 Empirical Models 15 

2.8.2 Table Based Models 16 

2.8.3 Physics Based Models 16 

vii 



> 

CHAPTER III Modeling of HFETs 1 7-27 

3.1 Introduction 17 

3.2 Device Structure 17 

3.3 Charge Control Model 19 

3.4 Drain Current Model 22 

3.5 'I'ransconductance Model 25 

3.6 Cut oil equency fr 26 

CHAPTER IV Transport Properties 28-38 

4.1 Introduction 2$ 

4.2 Charge Control Characteristics 

4.2.1 (:onductioii Band Profile 28 

4.2.2 Position dependent charge distribution 30 

4.2.4 Composition dependent carrier concentration 3 1 

4.2.5 Variation of 2l)lG Sheet Carrier I)ensity with 

Gate to Source Voltage 32 

4.3 Scattering Mechanism 

4.3.1 Mobility analysis 36 

4.3.2 Velocity field characteristics 37 

CHAPTER V DC Characteristics Analysis 39-45 

5.1 Introduction 39 

5.2 Threshold Voltage Characteristics 39 

5.3 IN Characteristics 40 

5.4 Saturation Drain Current Characteristics 41 

5.5 Gate Length Dependent Drain Current 42 

5.6 'Iransconductance Variation with Gate to source Voltage 43 

5.7 Gate Length E)ependent Transconductance 44 

CHAPTER VI High Frequency Performance Analyses 46-49 

6.1 Introduction 46 

6.2 Variation of Cut off Frequency with 

gate to source voltage 46 

viii 



6.3 Gate Length Dependent Cut ofT Frequency 48 

6.4 Cut off Frequency and Drain Current Relation 49 

CHAPTER VII Conclusions and Recommendations 50-53 

7.1 Conclusions 50 

7.2 Recommendations 52 

References 54 

Appendices 62 

ix 



LIST OF TABLES 

Table No Description Page 

2.1 Spontaneous polarization, piezoelectric coefficients. 09 
elastic constants and c-plane lattice constants of InN. 
A1N and GaN 

3.1 Parameters used in the DC and high frequency analysis 27 

x 



LIST OF FIGURES 

Figure No Description Page 

1.1 Velocity-field characteristics associated with 

wurtzite InN. GaN. AIN, and zinc blend GaAs. 03 

2.1 Illustration of the convention used to determine 

polarity in wurtzitic nitride Films 07 

2.2 Polarization charge at the AIInN/lnN interlace 10 

2.3 Cross section and corresponding band diagram 

olan HFET II 

3.1 Schematic view of the proposed InN based HITT 18 

3.2 Conduction band profile of AllaN/InN based hetero 

Structure with an oxide layer beneath the gate along 

the y-axis 19 

4.1 Simulated conduction band profile olAlInN/lnN FIFEl' 29 

4.2 Simulated conduction band profile of A I InN/InN 

MOSI (FE]' 29 

4.3 Simulated electron distribution as a function of distance 

oh' Al InN/InN Fl FE'F 30 

4.4 Simulated electron distribution as a function of distance 

olAIlnN/InN MOSI IF[T 31 

4.5 Electron peak concentration as a function of In 

content of Al InN/InN H FE]' 32 

4.6 Variation oF 2DEG sheet carrier density with gate 

source voltage for different In content 33 

4.7 Variation o121)EG sheet carrier density with gate 

source voltage for lIFE]' and MOSI-IFET 33 

4.8 Variation of mobility with sheet charge density 37 

xl 



I 4.9 Effect of various scattering mechanism on mobility 37 

4.10 Velocity field characteristic o10.25im AllnN/lnN HFE1' 38 

5.1 Variation of threshold voltage with dopant layer 

thickness for MOSI IFET in comparison to II FET 4() 

5.2 Variation of threshold voltage with oxide layer thickness 4() 

5.3 1-V Characteristics of 0.25f1m AllnN/lnN (a) I IFET 

(h) MOSHFET 41 

5.4 IN Characteristics of 0.2511rn AlInN/lnN MOSHFET 

in comparison to I IFET 42 

5.5 Variation of drain current with gate to source voltage 43 

5.6 Variation of drain current with gate length 43 

5.7 Variation of i'ransconductance with gate to source voltage 44 

5.8 Variation of Transconductance with gate length 45 

6. I Variation of cut oil' f'requency with gate source 

voltage for (a) I IF[T (b) MOSI-IFET 47 

-I 6.2 Variation of cut off frequency with gate to source 

voltage of MOSHFET in comparison to 1-IFET 47 

6.3 Variation of cut off frequency with gate length 48 

6.4 Variation of cut off frequency with drain current 48 

XII 



4 Nomenclature 

d polarization vector 

a. thickness of cap layer(nm) 

thickness of barrier (urn) 

(is thickness of spacer layer (urn) 

e31 piezoelectric coefficients 

e33 piezoelectric coefficients 

E, critical electric field (K V/cm) 

AE conduction band offset (cV) 

cut-off frequency (GHz) 

gm tran sconductance (mS/rn rn) 

G(q) form factor 

I'll drain current (mA/mm) 

K Boltzman constant (JK) 

K,. Fermi wave vector 

gate length (Mm) 

in mole fraction 

background donor density 

N1)  doping concentration (cm 3) 

Nr carrier trap density (cm 3) 

sheet carrier concentration (cm 2) 

I' Piezoelectric polarization vector 

spontaneous polarization (Cni2) 

Ppz piezoelectric polarization (Cm) 

P0  lbrni factor 

q. Thomas-Fermi screening wave vector 

T stress tensor 

'I' temperature (K) 

U,, alloy potential 

1711, drain to source voltage (Volt) 

XIII 

7. 



Vgs gate to source voltage (Volt) 

VS saturation velocity (emsec') 

VIh threshold voltage (Volt) 

V(x) channel potential (Volt) 

W gate width (lim) 

x distance (lim) 

polarization induced charge density (Cm 2) 

0/3  schottky barrier height (eV) 

c dielectric constant 

p mobility (cm2V 1 sec5 

4P Polarization discontinuity 

strain components along x direction 

EY strain components along y direction 

volume occupied by one atom 

xiv 



Chapter 1 

ntroduction 

1.1 Overview 

l)evelopment of microwave devices and circuits did not gain the same attention as Silicon 

(Si) based devices for digital applications until the 1980's because of the lack of' 

commercial applications. The need for high performance devices has distinguished 

microwave devices from those geared toward digital applications. There are many areas 

where Si and other conventional semiconductor materials are not suitable due to the 

Ilindamental physics limitations. Ill-V semiconductor materials look increasingly attractive 

kw many potential applications, where high electron mobility and high current carrying 

capabilities make them superior to silicon semiconductor technology Ill. Microwave and 

wireless devices have relied on Ill-V semiconductors since 1960's when the GaAs 

MFSITET was announced by Mead (2]. GaAs has significant advantages over Si for high 

speed devices because of higher electron mobility. This advantage was lirther advanced 

by the ability to grow heterostructures. I Teteroj unction field-effect transistors (II II ls) 

have been considered as the most promising candidate for microwave high performances 

and low-noise applications due to its unique heterojunction material structure. 

It has recently been the subject of much research elibrt to improve the high lIcquency 

performance of microwave Fl- T. To achieve both high frequency and high perlhrmancc in 

the microwave frequency range, the devices typically should have the following major 

characteristics: a) good confinement of carriers to the channel. h) high sheet charge 

density. c) high electron mobility and velocity, d) low parasitic capacitances and 

resistances and e) very short transit time. Recent studies show that reduction of gate length 

and increase of electron saturation velocity are the ways to improve the cut-ott frequency 

31. Reduction of gate length has proved its effectiveness to improve the cut-oil' frequency 

of microwave FE'l's. I lowever, reduction of gate length is limited by the saturation of 

electron drift velocity, short channel efThct and heating effect [4, ]• Gale scaling process 



has become saturated. These limitations have allowed the implementation of novel device 

concept and development of new high frequency devices. 

Indium nitride (InN) as a promising Ill-nitride semiconductor with many potential 

applications has attracted much attention recently owing to its superior electron transport 

properties 16. 71. InN is predicted to have the lowest effective mass for electrons (0. 11 /11i) 

in comparison with AIN (0.40;n) and GaN (0.20nz0) which is required for high mobility. 

high saturation velocity and scattering mechanism to be less effective. The saturation 

velocity is much larger than that of GaAs and GaN over a wide range of temperature of 

150 K to 500 K and a doping concentration up to 1019   cm 3  [8]. Indeed, the existence of 

electrons in InN with velocities up to 2x 108cm/sec is lound [91. which is significantly 

higher than those observed for other conventional semiconductors. Figure 1.1 shows the 

velocity-field characteristics associated with wurtzitc GaN. InN. Al N, and zinchiende 

GaAs. the critical field at which the peak drift velocity was achieved for each velocity-

held characteristic is clearly marked. It can he seen that each of these Ill-nitride 

semiconductors achieves a peak in its velocity-field characteristic. InN achieves thc 

highest steady-state peak drift velocity of 4.2 x cm/s 1101. This contrasts with the case 

of GaN. 2.9 x 107  cm/s, AIN. 1.7 x I ()7 
 cm/s and of GaAs, 1.6 x 107 cm/s 1111. these 

inherent properties of InN are very suitable for the design of high performances electronic 

devices. It was shown that InN-based FFTs have an extremely high speed with a cutoff 

4 Irequency of over 1 1Hz for 0.1 jim gates 11211. 

In addition to above mentioned properties the InN-based materials also exhibit strong 

lattice polarization effects 113). Due to the piezoelectric and spontaneous polarization 

fields. InN-based I IFETs have the ability to achieve two dimensional electron gas (2DFG) 

with sheet carrier densities of the order of 1014  cm 2  [14). This mechanism of polarization 

leads to unprecedented high current drive capahi Ii tv that is one order of magnitude Ii ighci 

than their silicon or GaAs counterparts [15. 16]. Therefore, from the above-explained 

electron transport properties it can he concluded that InN is a highly potential material for 

the fabrication of high-performance I-IFFIT. 
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Fig. I .1 . The velocity-held characteristics associated ith wurtzite GaN. liiN. AIN. and 
Zincblend GaAs. In all cases, the temperature was set to 300K and the doping 
concentration was set to 101  cm'. The critical fields at which the peak drift velocity as 
achieved for each velocity-f ielcl characteristic are clearly marked: 140 kV/cni for GaN. 65 
kV/cm for InN, 450 kV/cm for AIN, and 4 kV/cni for GaAs. 

1.2 Motivation and Objectives 

I'he recent achievement in the InN research indicates that the InN film almost meets the 

requirements for application to practical devices. A remarkable improvement in the growth 

of InN film has been revealed through different scientific publications. I ugh quality single 

crystalline InN film with two-dimensional (2D) growth and high growth rate can easily be 

obtained now. l-lowever, compared with oilier nitride based devices the progress in 

designing and fabrication of InN-based devices are at initial stage. In order to realize future 

high performance InN-based devices, understanding of detail device modeling and 

performance evaluations is urgently required. There have been very little works on InN-

based devices. Recently, the etThct of polarization on carrier confinement in InN-based 

heterostructure and calculation of the 2DFG concentration in InN-based heterostructures 

are reported t17-271. 1-lowever, these papers lack very important issues. Which also don't 

provide clear perception about the physical operation of the InN-based FF'F. Most of these 

models take the approximation of coiistailt Fermi energy level, which transtorms into a 

I ineai- dependence of sheet charge density (n) on gate to source voltage (1 Rut a linear 

1., relation fails in the near threshold and deep saturation regions 128-3 I. Ihe region 

near threshold, where carrier density is quite low, is very important for circuit operation in 

VlSI circuit design and hence demands special attention. Ihe effect of gate voltage (1 ) 

3 



on nc  is also not shown. So a charge control model is essentially required to get an insight 

Into the physical operation of InN-based device. 

I he development Of new generation held-cf icct transistors (1' I: Is) requires lo\\ gale  

leakage and superior pinch-off characteristics [321. Recently, several roups liavc 

attempted to achieve gate leakage suppression and superior pinch-off characteristics h\ 

usitia the metal-insulator-semiconductor lIFVI's (MISI-IF['l's) 133- 341 or metal-oxide-

semiconductor I IFFIs (MOSI IFFTs) 1351. The built-in channel of \1()SllFl1 is formed 

by the high density 21)F(i at specific interface of InN-based heterostruciures. lloever. in 

contrast to IIl'Ei's, the metallic gate is isolated from the harrier layer by a thin SiO film. 

this insulator layer provides extremely low gate leakage current and allows for a large 

gate voltage swing (GVS) [361. l'hus MOSHFET combines the advantages of the MOS 

structure that suppresses the gate leakage current and heterointerface, which provides liih-

density high-mobility 21)FG channel. 

In this work, InN-based I IFETs without and with an oxide layer beneath the gate have 

been studied for high performances. A quantum mechanical charge control model based on 

self-consistent solution of Schrodingcr-Poisson equations is developed to study the 

performance. To get an insight into the physical operation and carrier control mechanism 

of InN-based HFET this model is applied to investigate the quantum confinement of 

carriers and the effect of applied gate voltage on the carriers. The model includes the effect 

of gate voltage on Fermi energy which makes the model more accurate. to charactcriie 

the (Ic and high frequency perfOrmance a nonlinear analytical model is also presented in 

this dissertation. The highly dominant effect of spontaneous and piezoelectric polarization 

is incorporated in the present model to accurately predict the 21)1 G sheet charge (lensit\ at 

the AllnN/lnN interftice. The effects of' parasitic source drain resistances and ' elocit 

saturation have also been included to accurately develop the de model. 10 generalize the 

model, the pulse-doped structure comprising the schottky cap layer, dopant layer, and 

spacer layer is employed. l'he model is extended to calculate small signal parameters. viz. 

transconduetance and unity current gain cut-oil frequency, so as to predict the microavc 

ei'fOrmance oIdc.'ice. 
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1.3 Outline of Dissertation 

Chapter 2 provides the background on the devices and materials investigated in this work. 

The electronic properties of Ill-nitrides are discussed. mainly focusing on polarization in 

the materials and its impact on the operation and modeling of heterojunction FVI's. Finally 

a discussion of the slate of the art in AIInN/InN 1-IFETs is presented. 

Chapter 3 presents a self consistent charge control model of Schrodinger-Poisson 

equations to calculate the charge density of AllnN/InN 1-IFET's. Finally, a nonlinear 

analytical niodel is presented to characterize the dc and in icrowave pe orniance o I 

Alln/InN MOSI ll'kl structure. 

Chapter 4 outlines the transport properties of AllnN/lnN l-IFF'l"s. This chapter describes 

the self consistent solution of Schrodinger and Poisson equations. A details study of' 

channel lorniation in II l'Fi'. conduction band proIle and the sheet carrier concentralioii 

for the 21)FG are presented. The mobility and drill velocity of the carrier in the proposed 

device considering relevant scattering mechanism are also described. 

Chapter 5 shows DC characteristic of the AllnN/InN Ill 'I l. A detail study of charge 

control parameters such as threshold voltage and IN characteristic is presented. Then, 

transconductance and the dependency of these parameters on gate length are also 

discussed. 

Chapter 6 discusses the high frequency characteristics of the proposed device. 

Chapter 7 summarizes the results from this research and provides guidelines for luture 

work. 

5 



Chapter 11 

Background Information 

2.1 Introduction 

This chapter presents the background material pertaining to the modeling of devices that 

will be investigated. The chapter starts with a discussion of the electronic properties of 111-

nitrides, mainly focusing on polarization in the materials and its impact on the operation 

and modeling of heterojunction FETs. It is followed by an overview of the current status of 

InN FET development. The devices considered in this discussion are the AlInN/lnN I ll'Vl 

and MOSI-IFET. The chapter ends with a discussion of the various approaches that can he 

taken to develop a large signal model for a device and the approaches that have been taken 

until now to develop models for InN FFL's. 

2.2 IoIarization in Ill-nitride materials 

In this section, the basic equations required to calculate polarization in strained Ill-nitride 

layers are presented and the impact of polarization on charge control in I ll'Els is 

discussed. Most of the material in this discussion on polarization in Ill-nitride 

semiconductors and devices is derived from [37-411. Wide handgap Ill-nitrides can exist iii 

wurtzite (WZ) and zincblende (ZB) crystal structures. The wurtzitic structure is the 

predominant form for semiconductor device applications with the discussion in this 

chapter specifically referring to this. The wurtzitc crystal is tetrahedrally coordinated and 

lacks inversion symmetry in the unit cell 1371. As a result, the crystals exhibit strong 

piezoelectric efThcts when strained along [00011 direction. In addition to piezoelectric 

eflects. wurtzite InN has spontaneous polarization even in the absence of strain. The 

piezoelectric effect arises from lattice mismatch strain and thermal strain caused bv the 

thermal expansion coefficient difference between the substrate and the epitaxial layers. 

6 
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Figure 2.1: An illustration of the convention used to determine polarity in wurtzitic nitride 

Mills. The figure shows a In(Al)-polarity crystal with the bonds parallel to c-axis 

(horizontal in the diagram) going the cation (In or Al) to anion (N). 1'lic direction of 

spontaneous polarization in InN and AlN is also shown with the higher magnitude of 

polarization in AlN represented by the length of the arrow. Polarization discontinuity at the 

iiiterface between the two crystals is represented by AP5  and leads to a positive 

polarization charge 

The presence of defects in a crystal can reduce strain and lower the strength of 

piezoelectric polarization. Polarization is dependent on the polarity of the crystal [381. The 

polarity of a crystal depends on whether the bonds along the c-direction are from cation 

(In) to anion (N) sites or vice versa. The convention used in setting up all polarization 

related equations is that the 100011 axis points from the face of the N plane to the In plane. 

and marks the positive z direction. When the bonds along the c-direction are from the 

cation to anion atoms, the crystal is said to be In polarity and the direction of the bonds 

from In to N along the c-direction marks the [0001] direction. In N polarity crystals the 

bonds along the c-direction are from the N to In atoms and marks the -z direction. This is 

illustrated in figure 2.1. Polarization along the [00011 axis is of primary interest for device 

design because this is the direction along which epitaxial films and heterostructures are 

currently grown. Let the spontaneous polarization and piezoelectric polarizations along the 

c-axis of the wurtzite crystal be denoted by Psp (z) and P1y.(z), z refers to the unit normal 

vector along the c-axis (positive along [0001] direction). Using ah-initio methods. 

Bernardini et. al. 1391 calculated the spontaneous polarization charge in AIN. (iaN and InN 

to be -0.081. -0.029 and -0.032 C/rn2. Piezoelectric polarization vector is given by the dot 

product of the piezoelectric and stress tensors and can be written as P = d. T. where d is the 
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polarization vector and T is the stress tensor. In wurtzitic symmetry. the number of 

independent components of d reduces to three: c15, e13  and e33. [37]. The index 3 refers to 

direction of c-axis and in structures with growth along [00011 axis only the e31  and C; 

components are important. The piezoelectric coefficients e33  and e13  can he used to 

calculate the piezoelectric polarization using [38]: 

PlN = 33 C: + e31 ( c, + (2.1) 

Where and are the in-plane strain components and t is the out of plane component. 

l'he in-plane strain is assumed to he equal in both directions and is given by 

a - a1)  
C =  E 

a0  

where a()  is the equilibrium value of the in-plane lattice parameter. The relation between 

this lattice constant a and co  are is given as 

C C() 7-_-L1. (l() 

Co (:33  (/0  

Where. C13  and C33  are elastic constants. Using equations 2.1 and 2.3 the amount of' piezo-

electric polarization in the direction of the c-axis can he determined by 

131)1: = 2 
a - a0 

(e31  - e3 
(13) 

a0 C 
(2.4) 

The values of constants required to calculate polarization in the three nitride materials are 

given in Table 2.1. For the In face crystals, the piezoelectric polarization in i\llnN is 

negative for tensile (a > a0) strain and positive fbr compressive strain. Since the in-plane 

lattice parameter of InN (aIflN is larger than that of MN (aAIN). the AlInN layer in an 

AllnN/InN system is in tensile strain and piezoelectric polarization is negative. '1herefre, 

in a In polarity crystal. the net polarization in AIInN points toward the inter1ice and is 

(2.2) 

(2.3) 



larger in magnitude than the polarization in InN. Applying (Iausss law at the inlerliicc. it 

can he shown that a net fixed positive sheet charge fbrms at the interface (see figure 2.2). 

This aids the formation of the sheet charge at the heterointerface. 

Table 2.1: Spontaneous polarization. piezoelectric coefficicnts. elastic constants and c-
plane lattice constants of InN, AIN and GaN. Data taken from 138 - 40] 

wurtzite InN AIN GaN 

Psp (c/1,12) -0.032 -0.081 -0.029 

e31  (c/rn2) 0 1.55 1 

e33  (c/rn2) -0.57 -0.60 -0.49 

Ci(GPa) 92 108 103 

C3  (GPa) 224 373 405 

a(A°) 3.54 3.112 3.189 

For A1InN and InGaN alloys, the values of spontaneous polarization, lattice constant, 

piezoelectric constants and elastic constants are calculated by linear interpolation between 

the values of the constants for AIN(InN) and GaN 

C (v) ('f ( /\'(I x) (2.5) 

where C is the constant being calculated. 

From the discussion above, the amount of polarization in Al1nN can he controlled by 

changing the mole fraction of Aluminum in AIInN to control the sheet charge density ill 

the electron gas. For layers thicker than a critical value, strain relaxation occurs which 

leads to a reduction in piezoelectric polarization. 'I'his has to be taken into account while 

modeling devices with a high Al mole fraction in the barrier layer ofan l-IFFT. 

2.3 Charge Control in an HFET 

The cross section of a simplified HFET structure is shown in figure 2.3. The corresponding 

hand diagram For the HFET is shown next to the device cross section. Although more 

1. 
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( pz = - ( P\lIiiN- PInN ) 

Figure 2.2: Polarization charge at the AllnN/lnN interface. The positive z axis points along 

the [0001] crystallographic axis which points upwards for In fice crystals. Polarization 

fixed charge is given by the negative gradient of polarization which creates the positi\e 

sheet charge at the interface in case of AllnN/1nN heterojunction. 

complicated structures are used in real devices, this figure illustrates the basic principles of 

an HFET quite clearly. The doped barrier layer forms a heterointerface with the undoped 

bufi'er layer underneath. As a result of the conduction hand discontinuity, a quantum well 

forms at the interface and charge transfers from the barrier layer to the quantum well in the 

huller layer. Charge control is achieved by placing a metal Schottky gate on top of' the 

barrier layer that modulates the depletion region in the barrier layer. Below threshold, the 

sheet charge is fully depleted. Under normal operating conditions, the barrier layer is fully 

depleted and the channel layer is screened by the formation of the sheet charge at the 

interface. As the gate bias is increased, charge transfer into the barrier layer takes place as 

hot electrons in the channel can overcome the conduction hand discontinuity. An accurate 

description of the charge control in an IlFET requires a self consistent solution of' the 

Schroedinger and Poisson equations at the heterojunction. When the Dc Brogue 

wavelength of electrons is of the same order as the dimensions of the well formed by 

conduction hand bending at the heterointerface [42], energies are quantized. A detailed 

discussion of the electronic properties of two dimensional systems can he found in [43J. 
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Figure 2.3: Cross section of an l-IFLT: The corresponding band diagram is drawn next to it. 

illustrating the formation of the quantum well at the heterojunction. 

2.4 Impact of polarization on sheet charge density 

[he Initial works of Kong et al. and Hassan et al. [25]. [231 showed that polarization fields 

are the cause for the high sheet charge density observed in mOaN/InN i lF'EFs and 

AIInN/lnN. It is now accepted that polarization fields are the driving force that lead to the 

accumulation of free carriers in the quantum well 1441. This has been shown by various 

works that the sheet charge at AIGaN/GaN interfaces can be calculated using a sell 

consistent solution of the Schroedinger Poisson equations [451, 1461. The impact of 

polarization fields on the conduction hand potential has to be taken into account in the 

Schroedinger equation 1441. Freeman presents the necessary equations required to solve 

the Schroedinger and Poisson equations while taking into account local stress variation 

throughout the structure . Jogai and Sacconis works [451. 1461 go through the sell 

consistent solution for AIGaN/GaN I IFETs. Both works indicate the importance of 

polarization fields in creation of the sheet charge at the interihce. .Jogai's work also 

indicates that the polarization charge itself does not act as conventional dopant atoms 

supplying free charge for conduction in the quantum well. Instead, it acts as the driving 

force that leads to accumulation of free charge in the quantum well. The free charge can be 

I 



provided by a doped barrier layer (which is the case in the devices studied in this work), 

surfice donor levels as proposed by Ibbetson ci. al. [47] or from unintentionally doped 

harrier layers due to intrinsic defects and impurities in the as grown materials. 

2.5 AlInN/InN HFETs 

I IFET's with InN channels and AlInN barriers are predicted to outperform GaAs-based 

I IFET's for frequency response [48]. They will have - 50% higher average electron transit 

velocity [49]. They will also have three times as high drain-source breakdown voltage, due 

to their 1.2 MV/cm electric field strength [50]. In combination, the GaN I IFET Johnson 

figure of merit, in the form P f2  Z load, is 20 times as high as for GaAs lTF[T's [48]. 

together, the expected electron mobility 1511 of'? 3,000 cm2/V-s. due to low electron 

efftctive mass (0.11i7o). and an 2DEG sheet density of 1 x 10'3/cm2. will yield 20() a/sq. 

sheet resistance, which is half that of GaN [IFET's 1481. 

2.6 Issues Facing AIInN/InN HFETs 

1. I)ispersion 

The reduction in microwave power output is related to an observed reduction in drain 

dulTent measured under RF drive as compared to DC characteristics. Maximum power 

obtainable from a device in class A mode of operation can be given by 

" — I V —V /8 ?fl(IX IflOX ' brc'(IkdO nn knee) - (2.6) 

As 2.11 indicates, the maximum power drive can degrade either through a decrease in the 

maximum saturation current from the device or because of an increase in the knee voltage. 

This is commonly referred to as currcnt slump" or 'current collapse". This phenomenon 

is commonly attributed to the presence of surface traps in the gate drain access region 

which leads to the formation of a "virtual gate" as carriers trapped in the region deplete the 

channel underneath [52-53]. Others have attributed this to buffer layer trapping wherein 
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hot electrons under a high drain bias escape from the 21)EG and get trapped in the huikr 

layer traps [54-56]. Another effect of dispersion in current-voltage characteristics is a 

frequency dependent output conductance that increases at high frequencies and a reduced 

transconductance at high frequencies [57]. The transition frequency can range from I liz to 

1 MHz depending on the time constants involved in electron capture and emission 

processes. Both effects have a detrimental impact on the linear gain obtainable from the 

device. It has also been observed that the RF breakdown voltages are lower than the l)C 

values. This has been attributed to the formation of charge dipole domains at the gate drain 

edge under high field (high voltage) operation I58. 

2. Thermal Effects 

Accurate thermal modeling of InN devices is of critical importance because of the high 

power density that these devices are expected to operate under. Thermal effects degrade 

the performance ola device through a reduction in low field mobility as well as high field 

saturation velocity. Currently, most InN devices are fabricated on sapphire substrates 

because of the relatively low cost. Sapphire has a thermal conductivity of 0.48 W/(K.cm) 

and thermal effects are very significant. SiC has a thermal conductivity of 3.2 (W/K.em) 

which can lead to much better power dissipation through the substrate. This has been borne 

4 times the rise in a device on SiC [ 591. Other materials with better thermal conductivity 

4 than sapphire being investigated for use as substrates are AIN, Si and GaN could 

potentially replace sapphire for high power applications. 

2.7 l)iclectrics for InN MOSHFETs 

The basic electrical requirements for a compatible dielectric to any semiconductor in the 

1ibrication of MOSFETs are a high dielectric constant, large handgap, large conduction 

band offset and a high quality interface with a low interfacial slate density D,,. For 

development of MOSI iF1'i's a compatible gate dielectric that forms an interface with low 

density of trapping states with the underlying semiconductor is required. A high density ol 

interilice states leads to a pinning of the Fermi level. Fermi level pinning occurs when the 
r 

density of interface states is large enough to exchange charge with the underlying 
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semiconductor without allowing the gate to control the conducting channel in the device. 

'4 The states also trap charge and cannot respond to high frequency signals which lead to the 

dispersion characteristics observed in HFETs. Traditionally, this has been difficult to 

achieve for Ill-V semiconductors such as GaN due to chemical and structural defi.cts that 

are present at the interface. The development of dielectrics for InN FITs is very similar to 

the path followed in the attempt to develop dielectrics for GaN MOSFVI's. 

A high dielectric constant is desirable as it increases the gate capacitance which leads to a 

helter channel control. In recent years, the development of high K dielectrics has been the 

locus in silicon research due to device scaling into nanoscalc dimensions. Most of the 

dielectrics that are investigated for Ill-V material systems have a higher dielectric constant 

than SiO2. However, development of high K dielectrics has faced significant roadblocks 

due to the difficulties in incorporating them into the silicon MOSFET process flow. 

High conduction hand offsets and a large band gap are essential to reduce gate leakage via 

the thermionic emission, and Fowler Nordheim tunneling mechanisms. A high inlerilice 

state density can also increase leakage through a trap assisted tunneling mechanism. 

The development of InN MOSI WETs is motivated by several advantages when compared 

to AllnN/lnN HFE'l's and Si RF CMOS devices for high frequency applications, which are 

listed helov: 

I. True enhancement mode operation with a single power supply for circuit applications. 

fluis increasing power efficiency. 

2. The higher saturation velocity of InN provides a higher ftLg product than Si. Also, it 

has been shown that the overshoot velocity in InN is much higher than the steady state 

peak velocity for a given field value and extends over a longer distance [60]. This can be 

exploited for the design of short channel devices wherein the velocity overshoot 

phenomenon can be observed under switching electric fields. 

V 
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3. 1-ugh quality dielectric layers can reduce dispersion issues and hence, the linearity of 

InN MOSI IFFT's can be higher. 

5. Forward swing on the gate limited by the breakdown process unlike in a 1-IFET, which is 

limited by the Schottky diode turn on. The drain current of a FET can be written as 

't)S = - u n C, (V - V•,) 
W dV(x) 

L dx 
(2.7) 

For a given gate periphery, the drain current drive of a MOSllFF'l' can be higher than that 

of a HFFT because of the increase in channel carrier density, which is modified by the 

surlhcc states [611. 

2.8 Modeling of FETs 

2.8.1 Empirical Models 

Most of the popular models used for circuit design in CAD tools are empirical models such 

as the BSIM series models for MOSFET's, Materka. Curtice. and TOM models for 

MESFET's and HFET's. The popularity of these models stems from the fact that they are 

easily implemented in a circuit simulator and are simulated quick]y. which is essential for 

circuit design. The current-voltage and capacitance-voltage characteristics are represented 

by some combination of non-linear functions such as power series (Cubic Curtice being an 

example) and hyperbolic functions (Angelov model). In general, these models are 

capacitance based with the nonlinear capacitances being defined as a function of the 

terminal voltages. Although the simulation for a well extracted model can be ver 

accurate, the model itself does not have predictive properties and a new model has to be 

extracted every time a new device or process is to be used. Scaling properties of these 

models are also not well defined and precautions have to be taken when using devices ola 

different size than what was used to extract the model. 
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2.8.2 Table Based Models 

-4 

Fable based models were developed by Root 1621 to model high frequency devices. These 

models use smooth interpolating functions to generate missing data between measured data 

points for the DC current-voltage and high frequency behavior of a device. These models 

are generic and can he used to model any FET device once formulated. 1-lowever. they do 

not have any predictive properties and a large number of measurements are required to 

model non-I i near characteristics accurately. 

2.8.3 Physics Based Models 

Physics-based models are based on a physical description of the device. An accurately 

formulated analytical description can he used to predict device performance before 

measured data is available. Se1fconsistent calculation solving 1-I) Schrodinger's and 

Poissons equation simultaneously has been shown to give qualitative agreement with the 

experiment results for the charge control in an HFET. 

In this dissertation a self consistent charge control model based on 1-1) Schrodinger-

Poisson equations over the entire device structure is developed. Then a nonlinear anal\ tical 

1' model to characterize the dc and high frequency performance of Alln 1lnN I lll- l without 

and with an oxide layer beneath the gate is also described. The mobility and the velocity-

field characteristics are obtained using Monte Carlo simulation. The simulation model 

incorporates an analytical 3-valley band structure with non paraholicity for all nitride 

materials. The developed model is employed to study the impact of device performance on 

various parameters. 

y 
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Chapter I I I 

Modeling of IiF'ET 

3.1 lfltro(Iuetion 

to characterize and optimize the device performance, an accurate charge control relation 

between 21)EG sheet carrier density (n,) and the controlling gate voltage ( i) is desirable. 

This chapter starts with a self consistent charge control model of A1liiN/lnN I IFLI' using 

Schrodingcr-Poisson equations. Then describes a nonlinear analu,ieal model to 

characterize the dc and microwave perfirmance of' the proposed device incorporating an 

oxide layer between the barrier and gate contact. This developed model is employed to 

study the impact of device performance on various parameters. 

3.2 I)evicc Structure 

The basic structure of the proposed InN based HFFT without and with an oxide laer is 

shown in Fig. 3.1 . It consists of' a substrate. an  undoped InN layer to lorm 21)1:( I channel. 

an undoped AllaN spacer layer of thickness c. a n-doped AhlnN layer of thickness 10 

provide 2DEU sheet carrier density, and an undoped schottky cap la\ er of thickness (l(  

The SOUCC and drain electrodes are ohomic contacts while the gate electrode which 

modulates the charge in the conducting channel is a schottky barrier placed on the undoped 

AllnN cap layer (dr ) of 10 nm. The thickness of n-doped AlInN barrier layer (ild ) and 

undoped AhInN spacer layer (a) are 10 nm and 2 nm, respectively. The thickness of the 

channel is assumed to he I im and doping density of Al1nN is taken to he 2- 1 01  cm'. 

The value of aspect ratio (ratio of gate length to barrier thickness) is considered 25 l'or 0.25 

tm gate length. The high frequency performance is significantly deteriorated by short 

channel effect it' the aspect ratio is less than 5 [63-64]. Improvement in the model is 

acconiplished by keeping the high aspect ratio. Incorporating an oxide layer beneath the 

gate contact. the model also combines the advantages of the MOS structure that suppl'esscs 
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Figure 3.1: Schematic view of the proposed InN based (a) LIFET (b) MOS1-IFEF 

the gate leakage current and Al InN/InN heterointerface, which provides high-densi tv high- 

mobility 21)FG channel. A thin film of SiO2  of thickness t, and dielectric pernhittivit' c, 

is deposited beneath the gate. 
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Figure 3.2: Conduction band profile of AIInN/lnN based MOS hetrostructure along the y-axis 

3.3 Charge Control Model 

To study the charge control it is necessary to examine in detail the band profile of the 

I proposed device. A hand diagram of the structure defining the various quantities and 

symbols that are used in the model are shown in Fig.....An accurate solution of 11-ce 

charge in the device requires a self consistent solution of the Schrodingcr and Poisson 

equations over the entire device structure. In this thesis work a quantum mechanical charge 

control model using the self-consistent solution of Schrodinger-Poisson equations is 

described. This model is applied to investigate the sub hand slates, quantum confinement 

of carrier and the effect of applied gate voltage on the carrier in order to get an insight into 

the physical operation and carrier control mechanism of InN-based 1-IFEl'. The model 

includes the effect of polarization and the effect of gate voltage on Fermi energy which 

makes the model more accurate. The AlInN/InN FIFEl' structure used for this thesis is 

shown in Fig 3.1. The model first obtains the potential profile in the HFET structure by 

solving the Schrodinger equation and Poisson equation self-consistently. The Schrodinger 

equation yields the confined charge terms in the Poisson equation which. in turn. 
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determines the potential profile. This potential profile is fed hack into the Schrodingcr 

equation until the solution of Poisson equation goes to convergence. According to the 

effective mass approximation, the one dimensional Schrodinger equation is given by 

dvJ (x) 
+ Vc,,(x) = E,qi, (x) (3.1) 

2 cLx[n,* dr 

where in is the effective mass, W, is the wave function of the I th sub hand and is louncl 

from the solution of Schrodinger equation couple with Poisson's equation. E, is the energy 

of i th subband. The unknown potential energy V(x) is given by 

I/(.r) = —qØ(x) + AEe (x) (3.2) 

q is the electronic charge, 4E. (v) is the conduction hand offset and 0(x) is the 

electrostatic potential and is found from the solution of Poissons equation. expressed as 

d[ dØx)]_ 
q[N +p(x)-n(.v)-N1 (3.3) 

dx cLv 

where L is the dielectric constant. Ni), p(x). n(v), NA * are the density of ionized doping 

donors, free holes. free electrons, and ionized doping acceptors. In the simulation region 

we assume p(v) = 0 and the inherent electron accumulation at InN surlitce due to the 

eficts of surface charge and dislocation densities is not considered. For A1lnN/ InN 

material, we must take account of the polarization sheet charge at the interface in Poisson's 

equation. and the boundary condition is 

E,,,, tA/h,1 - E,,,,c,,,,, = —a (3.4) 

where E is the electric field, & is the dielectric constant and a is the hound polarization 

induced charges at the surface of AlInN , interface of AlInN / InN. a (y) is given by 

ja(x) = I',, (Al,,, In1 ,,, iV) + Ps,, (Al,,, Jn1 ,,, N) - P,, (InN ) C/rn1 (3.5) 



00 

where and are given by Ambacher et al.[65] 

Pp:(AIm Ifl 1 N) =/-0. 28rn ± 0. JO-/rn (1-in)! c 'i,,r 

Psp(A l,n1 i mN) = -0. 090rn-0. 042(1-rn) + 0.0 70,n (1-in) Cnz2  

P,,(InN) = -0.032 (]/rn2  is given by [66]- 

lor the energy levels corresponding to the 2DEG, it is assumed that the 21)FG lies in an 

asymmetric potential well, with the first two sub bands i.e. first sub hand. F1  and seCOnd 

sub band. E2  occupied. As the higher sub hands have the negligible effect, only first two 

sub hands are considered for the calculation. The total 21)EG sheet carrier concentration 

(n,) is determined summing over the concentration n, in each sub band; 

= = f ,.,. 

2JflkT 
In[I +e 1 (3.6) 

I+e Al )  

where kB  is the Boltzman constant, T is the temperature and li1. is the Fermi level, which 

can he expressed in terms of E1  and n as follows [671 

E1.. =
fll2 

 E 
2D 2 

(3.7) 

where 1) is the density o!'states and is given by D= - -- (3.8) 
2 - 

The free electron distribution is given by 

n(x) = (3.9) 
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Substituting the calculated n(x) into Fq. 3.6, the new electrostatic potential 0(x) can he 

I obtained, and thus a revised potential V(x, which is led back into the Schroclingcr equation 

until this solution of Poisson equation goes on convergence. The calculation is done for 

T=300 K. The Schrodinger and Poisons equations are solved by well known finite 

difference method which is shown in appendix A. 

3.4 Drain Current Modeling 

When the gate voltage exceeds a certain level called threshold voltage, the channel is 

formed and contributes to conduction mechanism in the device. The expression for drain 
IL 

current in the channel is obtained from the following equation: 

(x) = qwn. (x)v(x) 
(3.10) 

where, 'j  is charge olan electron, w is gate width, v(x) is the carrier velocity and ,ixi is the 

21)EG sheet charge density can be calculated according to Re!' [68]. 

.' , ox 

(V .,, th - E,  
1(d, + ) 

rM  

\vhcrL' is the effective gate voltage and v,h  IS the threshold voltage. The model 

incorporates the nonlinear dependence of quasi Fermi level position E1  on sheet carrier 

density n•  using the following polynomial expression given by Ref. 1681 

= k 1  +k7 -- k 3n v 
(3.12) 

where k, is the suhthreshold factor. k7 is the linear flicior and k 3  is the saturation factor. the 

values of k1  k2  and 1 3  are obtained using the effective mass of electron of AllnN/lnN 

system following the same approach as proposed by Aggarwal et al. I681.1-he threshold 

voltage is deternìincd by Aggarwal Ct al. [68] 
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\\here. ,, (,n) is the schottky harrier height between bulk semiconductor and gale 

electrode. AEe  is the conduction band discontinuity, (m) is the mole fraction dependent 

polarization induced charge, i is the oxide layer thickness. 

the velocity field relation in equation (3.9) is as Ibilows: 

v(x) 

= 

for E < (3.13a) 

iJ( 
for E>1 1 (3.13h) 

- 

where 1u is mobility of electron, E(x) = '" is the electric field at any point x in the 
jIIX 

channel. E = is critical field due to velocity saturation. and v,j, is the saturation 
'It 

velocity. 

1. Linear Regime 

For lower drain voltages, average electron velocity is less than saturation vcloCit) 

Thus, substituting equation (3.13a) and (3.11) in equation (3.10) and integrating the 

equation from the SOUrCe x :- 0 to the drain side x L, the drain current in the linear region 

is obtained as Ref [1 

q V, 
+ C! "-v ),tnv 

6111  

- I6&0(q(d, + ee0k 3 )3 L + 
(J'ç, - + I?,,)) 

1(11 

(3.14) 

where R. and R(1  are the parasitic source and drain resistance and 
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2. Saturation Regime 

At the drain end of channel, the velocity becomes saturated at 1'js then II'orn 

equation (3.13b) and equation (3.11), we obtain the expression for drain saturation current 

as 

2 

- 
qwv., £ 0k2 2eS e0k,[,, 

2 g / 
+ Y.ca, 

- 

q(d, + q(d, +-) 

4 1+ 
e0k 

- 

.;n gin  

q(d +) 

(3.15) 

where 

2 

46v60 Ii + (V 
- 

fr 
- /va( - I + 

q(d, + OX)  I q(d, + )X) q(d, +  
C,, ) C,,, C,,, ) 



in which Vdsat is calculated numerically by equating equation (3.15) and (3.14) at "(k 

Ihilowing the principle of current continuity. 

3.5 Transconductance Model 

For the optimization of"FETs in high frequency applications, the transeonductance (g,) 

plays a signi ticant role. It is one of the most important indicators of device quality for 

iii icrowave applications and is evaluated as 

al,. 
g =- 

'" 
(.'OflSI 

1. Linear Regime 

l)ifThrcntiating equation (3.14) with respect to gate source voltage, the transconduciance in 

linear region is obtained as 

gin 

qpw 
- 3 

16 1+ -- ---- 
I L+ I 1 (R + 

q(4 + '-) q(4 +) ' VSOI 

gil)  

(~f(yj) - Qf(y0) '11 + ,)(f(yi)-,f U'0)) (3.16) 
) v1((( (L+ ) 

at 

where 

= 1+ c
1c0k3 

____________ - (I g,R) 

•' q (d1  + -) q (d1  + X) q (d, + - (j ( d, + 
l,I lfl  

A 

a 

and 
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4 t(y) == 
+ + V - 

2c.ck2Ji1 (I 
+ 

(/(d,+ ) q(d,+- ----) (/(d,+ ) q(d,+ ') 
C/fl Ell? Ci,, C,,, 

2. Saturation Regime 

1)ifThrentiating equation (3.15) with respect to gate source voltage, the transconductance in 

saturation region is ohtiined as 

qv Eeoc,flv 

g,  = 
(d,c,,, + + ec0c,,,k3) q(d, + .lox 

c/fl ) 
(3.17) 

3.6 Cut off frequency 

The cut-off frequency./ is an indicator of device's high frequency performance, and it 

determines the ultimate switching speed of the device. It is given as the ratio of 

transconductance g,n to the total gate capacitance (' i .. i.e. 

I
g01 

/ 

- 22Cgr  
(3.18) 

and is written by substituting the value of g11, from equation (3.16) and ('. the total gate 

capacitance, is calculated by the parallel combination of oxide capacitance and hulL 

capacitance (', as follows: 

• = 
C C',, 

1 
C. + 

where. C1, = 
WE,E0L 

and ç, = 
',,e0L 

and wl. denotes the effective area under the gate. 
di 10 .,. 

The parameters used in the 1)C and high frequency analysis at room temperature are listed 

in 1'able 3.1. 
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'Fable 3.1: Parameters used in the analysis 

Parameters 1)cscription Value 

T Temperature 300 K 

Electron mobility 21 x102 cm2/Vs 

vu,, Saturation velocity 4.5x 107
cm/s 

ni Mole fraction 0.1 

AE Conduction band offset 2.7 eV 

CO Absolute perm ittivity 8.854 xl 02 F/rn 

Cs Permittivity of AllnN 14.18c()  

Ein Permittivity of oxide layer 3.9c0  

Psp( m) Spontaneous polarization 

at mole fraction m 

-0.040 C/rn2  

Barrier height 0.743 V 

Suhthreshold factor -0.1794 V 

k2  Linear factor 2.991 xJOV/n 

Saturation factor -0.657x 1 0 V/rn2  

q Electronic charge I .6x 1 (Y' C 

Rd Parasitic drain resistance I 

R Parasitic source resistance 0.5  92 

mo rest mass of electron 9.1 xl 0 kg 
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Chapter IV 

) 

Transport Properties 

4.1 Introduction 

TO study charge control characteristics and channel mobility of a device it is needed to 

examine in detail the band profile and scattering theory in the device. The first section of 

this chapter describes the self consistent solution of Schrodinger and Poisson equations. A 

details study of conduction hand profile and the sheet carrier concentration for the 21)lG 

are j)resented. The mobility and drill velocity of the carrier in the proposed devicc 

considering relevant scattering mechanism are described in the SeCOnd part of this chapter. 

4.2 Charge Control Characteristics 

4.2.1 Conduction Band Profile 

Schrodingers equation is solved coupled with Poisson equation to study the mechanisms 

of channel formation and of current flow through the device. The conduction band profile 

for the AlInN/lnN I IFET using self consistent solution of the Schrodinger and Poisson 

equation over the entire device structure is shown in Fig. 4.1. The band profi le is calculated 

lbr the first two sub band energy (i.e. for F1  and F2  quantum states) for In mole fraction of 

0. 1 and 0.05 as higher order band energy is negligible effect. The x denotes the distance 

away from the surface to the inside of the ILFET structure. While those using an oxide 

layer beneath the gate. the conduction band profile obtained for In content of 0.1 is shown 

in Fig.4.2. A large conduction band discontinuity results in better electron confinement and 

allows for a higher sheet charge density in the well at the Hetero interface 1231. A large 

conduction band offset of about 2.7eV and 3.08 eV for In mole fraction of 0.1 and 0.05 is 

obtained fbi' the proposed device, which ensure the better confinement and higher sheet 

charge deiisity. 
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4.2.2 Position dependent charge distribution 

The distribution of the free charge in the channel of AlInN/InN FIFET is shown in Fig. 4.3 

for In content of 0.1 and 0.05. respectively. The calculations here shown have been 

obtained considering the polarization charge at the AllnN/lnN interface. As long as the 

2DEG concentrations are very high (_1020  cm). the influence of the background 

concentration of free carrier is neglected. As shown in Fig.4.3 when the In content of in 

0.05 and 0.01. the 2DEG forms at the hetero interface with a peak concentration of high up 

to 4• 73x 1020 and 4.5x1020  cn13. respectively. The 2DEG sheet density is calculated to he 

as high as 0.94x  I 0' and 0.89x 1 O'4  cn12, respectively. While those using an oxide layer 

FA 
beneath the gate the peak concentration changes to he 6.2 xl 020 and 5.9 x 1020 ciii. 

respectively and the 21)FG sheet density is calculated to he as high as I .85x I 0' and 

I .66x 10 cm 2, respectively. The high density carrier mainly caused by two factor, one is 

the large piezoelectric polarization caused by the significant lattice mismatch between 

AlInN and InN. The other is strong quantum confinement eftect caused by the large 

conduction band offset of about 2.7eV and 3.08 eV for In mole fraction of 0.1 and 0.05. 

The sheet carrier density for the proposed AlInN/lnN lIFE'!' is increased by almost one 

order of magnitude as compared to —1 xl 013 obtained in a conventional GaN based 1111:1' 

Figure 4.3: Simulated electron distribution as a function of distance for Vg = - 0.5 V and 

(a) in = 0.1 and (b) in = 0.05 of AllnN/lnN I IFET 
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Figure 4.4: Simulated electron distribution as a function of distance for (a) in 0.05 and 

(h) in = 0.1 of 0.25 jim Si02/A1InN/InN MOSt I FFT 

4.2.3 Composition dependent carrier concentration 

l"igure 4.5 shows the electron peak concentration as a function of In mole Iraction in. It can 

he seen that with increasing the In content, the electron peak concentration decreases. I)ue 

to sharp decrease of the piezoelectric polarization rather than the slight increase of the 

spontaneous polarization in Al InN layer with the In content the peak concentration is 

reduced. Another reason for the decrease of 2DEG is the weaker carrier confinement with 

the conduction band offset decreased. The value found to he for the In composition of' 005. 
2 0.1 and 0.15 are 4•73x  10 0 4.5x 10 0  and 4• 3x 10'0 cm respectively for the i\llnN/lnN 

1-iFFI . While those using the oxide layer these are 6.2 xl ON, 5.9 xl 2o and 5.69 x  1 02 cm 

. respectively. The increase of the sheet carrier concentration by the SiO2  top layer is 

attributed to the reduction of the surface states that can trap electrons or to the trapping of a 

positive charge at the interface with the AllnN barrier that neutralizes the fixed 

polarization charge. A similar increase in sheet carrier density was also reported in metal-

oxide-semiconductor IIFET by Marso Ct al. [69]. Sheet carrier density for I IFVl is clear ly  

larger than conventional (IaN I Il1''f's for a particular value of aluminum mole Iraction and 

dopant layer thickness 170-711. 
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Figure 4.5: Electron peak concentration as a function of In content 

of AlInN/1nN HFET 

4.2.4 Variation of 2DEG Sheet Carrier I)ensity with Gate to Source Voltage 

An accurate charge control relation between 2DEG sheet carrier density ii and the 

controlling gate voltage F .s is desirable to characterize and optimize the device 

perlrmance. I'igurc 4.6 shows the variation of sheet carrier density with gate voltage br 

0.25tiii gate length H !' FE for the difkrent values of' In content. Figure shows that, fl \  

increase with the increase in Vgs  from threshold voltage due to increase in conduction band 

discontinuity (AE.). Figure 4.7 shows the variation of' sheet carrier density with gate 

voltage for HEFT in comparison to MOSI I l"El' structures. 'l'hough the maximum sheet 

carrier density increases with the introduction of oxide but a slight gate voltage swing is 

observed with the introduction of oxide layer. The maximum value of sheet carrier density 

is tund to he 2.35x I 0" crn for HEFT. while those usinc an oxide layer this value is 

2.74 x  ] 01  ciiI2  fhr a F 0 V with dopant layer thickness of' 280 A°. The slope ol' u., J", 

curve corresponds to the capacitance of' the structure, which is directly related to the 

Separation between the gate and the 2DF.G. i.e., the thickness of' All nN layer. As the All nN 



layer thickness increases, the slope of n,, V., curve beyond threshold dccreascs. I hus. a 

higher value of AIInN layer thickness is desirable to achieve high value of 21)EG density 

and lower values of gate capacitance 1681. 1 lowever. the parallel conduction in dopant 

layer imposes an upper limit on AllnN layer thickness. but with the introduction of 

dielectric under the gate region, the slope decreases for constant value ol barrier layer 

thickness 1681. 
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4.3 Scattering Mechanism 

When an electron moves through a semiconductor, it suffers scattering from various 

scattering sources. If one considers a beam of electrons moving initially with the same 

momentum, then due to the scattering processes, the momentum and energy will graduall 

lose coherence with the initial state values.'1'he average time takes to loss coherence ol the 

initial state properties is called the relaxation time or scattering time. The total scattering 

time. t can be calculated as a sum of the scattering times due to each scattering process by 

Matthiessen's rule 

(4.1) 

where r is the scattering time of the electrons due to the individual scattering process. 

The scattering mechanisms have a large effect in limiting the mobility in InN-based 

devices. The scattering mechanisms considered are impurity scattering, dislocations 

scattering, interface roughness, alloy disorder scattering and phonons scattering. Impurity 

scatterings for 2DEG carriers can be investigated in two parts an ionized impurity 

scattering due to remote donors or surface donors which is effective in modulation-doped 

structures and an ionized impurity scattering due to interlace charges or simply background 

impurity scattering which is effective in all structures. Transport scattering rate due to a 

homogeneous background donor density of N/,k  is given by 

* 2 2 2k, J)2 
q 

- 
= iV1, 2 

3k $ 
dq 

(q + q72..G(q))2

rI [ 2k, 

The scattering rate due to surface donors is given by 

* ( 2 \2 2J,. p2 2/1 in -  i 
I—i dq  

- 2th 2) (q + q,, (;(q))2 

( q 
2 

Al toy disorder scattering originates from the randomly varying alloy potential in the 

harrier. Scattering rate by alloy disorder is given by [72] 

(4.2) 

(4.3) 
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1 
- 

3b x(1 - X)m 11J 
(4.4) 

16 h 3  

where x is the alloy mole Iraction. o  is the volume occupied by one atom and is the 

alloy potential. The factor h is called the Fang—Iloward expression [73] of wave functions 

br I lartrec approximation of a triangular well and is given by 174] 

b = 
(33e in 20 

8cc/r 

interfitce roughness is an important problem for semiconductor heterostructures 1751. 

Scattering rate by a rough interface with a root mean square roughness height. A and a 

correlation length between fluctuations, L is given by [76] 

- 
A2  L2  e '  m i _! , 

2 k; 

(4.5) 
T ir  - 2e 2 h 3 2 

- )

2k1- 

where the integral is rendered dimensionless by the substitution it = q/2k,. . Phonon 

scattering plays an important role in limiting the electron mobility in Ill—nitride 

semiconductors. The phonon scattering is calculated by considering two scattering 

mechanisms, including deformation potential and polar optic phonon scattering. The 

expression of deformation potential scattering is given by 1771 
4 

I 3h E2k,nz*T 
= ) J /)p  (k). (4.6) 

Tdp  16 hpu 

ftc expression of the mobility limited by the polar optic phonon scattering is given by 

Ridley as [781 

I eornZ r 1 1 
0

he?

1 I (4.7) 
4Jre)c/h 2 Le''' - I] 

where, 
II I 

Ilere. No is the polar optic phonon energy, m*  is the effective mass for electron: t: and 1: 

are the high and low frequency dielectric constants, respectively 
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4.3.1 Mobility analysis 

Mobility's are an important parameter which referring to the usage for high frequency 

application of the device. Thereibre, details understanding and proper inclusion of the 

effects of mobility in the design and analysis of high performance electronic devices arc of 

immense importance. Figure 4.8 shows the dependence of mobility on the carrier 

concentration of 0.25im Al1nN/lnN I IFET. The highest mobility is found to be 8. 1 x 

cm2Vscc at sheet carrier concentration n, = 8.79><I012 c111 2  at 77 K. the mobility's 

found to he increased with the increase of sheet carrier density but for the sheet carrier 

above the value of 8.79x 1012  cn12  it starts to decrease. Because that time the various 

scattering eIicts are more significant due to the collision of more carriers. The mobility is 

calculated by, 

e(r,01 ) 
(4.8) 

me  

where, i = Mohiliiy.(r,01 )= Mean scattering time calculated using Monte Carlo 

Simulation. e = Electron charge. m = Electron effective mass. 

At low temperatures, the different scattering processes act independently. Matheissen's 

rule oflrs a simple way of combining the effect of all scatterers. The calculation was done 

with a dislocation density of N<11 = lx I 0 c111'2, background density N1,wk = 10 cm'. 

surtiicc donor density A = n which is required from charge control. alloy composition .v = 

0.1. Relevant source of scattering has been considered, and the relative eflcts are clearly 

shown in the Fig. 4.9. At low sheet densities (n 8.79x 1012  cm'2 ). charged impurity 

scattering from background donors, surface donors and dislocations limit the iiiobilitv. 

Relative concentration of the particular form of charged impurity will determine the 

dominant scatterer. 1-lowever, as is evident from the calculation, mobility at typical 

AllnN/lnN sheet densities is limited by short range scatterers due to alloy disorder and 

interface roughness. In the range of 21)EG densities n ? 8.79x 1012  c1112. alloy scattering or 

interkice roughness scattering dominate, depending on the nature of the harrier material on 

the channel. The calculated values of 2I)l- Gs mobility in AllnN/InN heterostructures are in 

good agreement with the reported values for InN-based helerostructures [79-  80]. 

,0 
-'p 
.  



108  

6 

- 

10 

> 

0 
'-. 4 

10 

o 2 
10 

1012 10 
 13  

 

1014 

Sheet Charge density, n (cm 2) 

Figure 4.8: Variation of mobility with sheet charge density 

Alloy disorder 

10  Acoustic phonon 1  
- VSurfacedonor A 

y A 

Ionized impurity 
Dislocation 

fr4 
10 - - 

A A 
Optical phonon 

Total mobility Interface roughness 
H 

1012 iO
13  1014  

Sheet Charge density, n (cm 2) 

Figure 4.9: Effect of various scattering mechanism on mobility 

4.3.2 Velocity field Characteristics 

When an electron distribution is subjected to an electric field, the electrons tend to move in 

the icld direction (opposite to the field E) and gain velocity from the field. However, 

because of imperfections, they scatter in random directions. A steady state is established in 
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which the electrons have some net drift velocity in the field direction. In most electronic 

devices a significant portion of the electronic transport occurs under strong electric lickis. 

This is especially true of field effect transistors. At such high fields (E 1-100 kV/cm) the 

electrons get Thot' and acquire a high average energy. The extra energy conies due to the 

strong electric fields. The drift velocities are also quite high. The description of electrons at 

such high electric fields is quite complex and requires either numerical techniques or 

computer simulations. At high electric field as the carriers gain energy from the field. the 

suffer greater rates of' scattering. The mobility thus starts to decrease. it is usual to 

represent the response of the carriers to the electric field by velocity - field relations. At 

very high fields the drift velocity becomes saturated, i.e.. becomes independent of the 

electric field. The drift velocity for carriers in most materials saturates to a value ol' 10 

cm/s. The fact that the velocity saturates is very important in understanding current flow in 

semiconductor devices. The velocity-field characteristic of the proposed HFEI has been 

calculated using Monte Carlo simulation [appendix B]. Figure 4.10 shows the calculated 

velocity—field characteristics of 0.2511m Al1nN/InN HFET. At 77 K temperature. the peak 

velocity is found to he 8.3 xl cm/sec at the field of 66 kV/cm. It is found that the velocity 

is substantially higher than the traditional GaN based l-1FEi's [811. 
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Figure 4.10: Velocity field characteristic of 0.25ini AllnN/lnN I IFET. 
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Chapter V 

DC Characteristics Analysis 

5.1 Introduction 

Ihe behavior of device in terms of threshold voltage, output current and transconductance is 

studied in this chapter. The chapter starts with a detail study of charge control parameters 

such as threshold voltage and IN characteristic of the proposed device. Then. 

transconductance and the dependency of these parameters on gate length are also 

discussed. 

5.2 Threshold Voltage Characteristics 

Ihe dependency of threshold (1') voltage on dopant layer thickness (dCI ) for difft'reiit In 

mole fractions of AllnN!inN IIFEI' in comparison to MOI 11±1 is shown Fig. 5.1 'lhe 1,,, 

decreases with the increase in d 1. The negative enhancenient observed in I'j for higher 

niole fractions of Al is due to the fact that higher negative voltage is required to deplete a 

higher density of electrons located at a larger effective distance from gate. An increase in 

Al mole fraction also leads to decrease in threshold voltage (J') due to correspondini 

increase in polarization induced sheet carrier density. 'l'his variation in sheet carrier densit 

can he used to improve device performance for diff'ereni set of geometrical parameters. As 

predicted. higher values of threshold voltage are observed for M()SlIFFls. Because of a 

voltage drop at the SiO2  gale oxide, the threshold voltage of the M( )Sl IFI l' shifts to - 2.51 

from -2.50 for in = 0.05 and-2. 18 V to -2.19 V for rn = 0.1 at 13 urn oxide layer thickness. 

lhis shift is apparent in the form of gate voltage swing for the MOSIIFFI structures. If the 

thickness of the oxide layer increases the negative enhancement of threshold voltage also 

increases as more voltage drop across the oxide layer. The dependency of threshold 

voltage on oxide layer is shown in Fig. 5.2. 
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Figure 5.2: Variation of threshold voltage with oxide layer thickness 

5.3 IN Characteristics 

The de output characteristic, current-voltage (I - V(/ ) relation is the most important 
) Iarameter which represents the performance of the device. Figure 5.3 shows the Ii,-  I 
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Figure 5.3: IN Characteristics of 0.25 jim AllnN/inN (a) HFET (h) MOSIIFET 

characteristics of 0.25 jim gate length Al1nN/lnN I IFLI's without and with oxide layer. Ij, 

increases linearly with the increase in 1' in the low longitudinal field region (linear 

region) up to pinch off. Afler this value. 'cj  doesn't vary signiiicantiv due to the velocity 

saturation. Drain current also increases with the increase in 1" because v ith increase in 

gate to source voltage the sheet carrier concentration increases. Maximuii' drain current is 

found to he 715 and 786mA/mm for HFET and MOSI-IFET. respectively at V,?, 2V for 

diffi,rent values of drain source voltage. It is clear ftçni the Fig. 5.4 that for the same 

values of gate and drain bias, the drain current is higher for MOSLIFEIs than the II FF!'s. 

The MOSFIFF'l's show remarkable 1 O% increase in drain saturation current. The major 

cause ft)r this rise is due to the increase in channel carrier density, which is modified by the 

surface states. [82]. A similar increase in peak drain saturation current was also reported in 

metal-oxide-semiconductor HFET by Flu Ct al. [831. 

5.4 Saturation Drain Current Characteristics 

[he variation ifi drain current with gate bias is depicted in Fig. 5.5 lbr 0.25 jim A llnN/InN 

I !1"ll and MOSHFF'I'. As the gate to source voltage is increased from the threshold 

voltage (V,), the depth of potential well at heterointerface increases, resulting in higher 

sheet carrier concentration and higher drain current. The dc saturation drain current. 'a hich 

I1 



800 

14  

E 70° /.• • 

600 

500 

400 

L) 300 
MOSHFET 

200 HFET 

Ce') 
.E 100 

______ 
I 

0 0.5 1 1.5 2 2.5 3 

I;, 
Drain Source voltage (V) 

Figure 5.4: IN Characteristics of 0.25 jim AlInN/InN HFET in comparison to 
MOSHFET at Vg = 2V 

is a key parameter for controlling maximum output Rl power. is larger in MOSI I Fl-ls 

than in Ill] Ts. In devices with long gate, the drain saturation current depends on electrun 

mobility. but in short gate length devices, the electron velocity under the gate saturates, 

which limits the maximum current. The ftrward gate current. v hich increases 

exponentially as a Function of gate bias, plays significant role in limiting the channel 

current at high positive gate biases in HFETs. To limit the gate leakage current, II Fl1 

generally operate at gate voltages ranging between threshold voltage and values si ightiv 

above zero, but the M()Sl llThT structures do not have the gate current limitation as is 

clearly shown by substantially larger values of I(5(,,. A value of 78() and 70() mA/mm 

at J' .. 2 V is obtained from 0.25 jim gate MOSI IPEF and I lF[T. which makes them 

extrcmek attractive For microwave applications. 

5.5 Gate Length Dependent Drain Current 

Figure 5.6 shows the variation of drain current with gate length for 0.25 jim I IFET and 

MOSHFET. Drain current is found to be varied from 785 to 205 and 715 to 190rnA/mm, 

respectively for MOSt IFET and HFET with the variation of gate length from 0.25 to 

1 .5jtni. Drain current decreases with the increase of gate length due to increase in channel 

resistance. 
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Figure 5.6: Dependence of drain current on gate length 
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5.6 Transconductance Variation with Gate to source Voltage 

The dc transier characteristic, transconductancc of a device is one ol the most iiipor!an1 

indicators of device quality for microwave and millimeter wave application. Figure 5.7 

shows transconductance (g,) as a function of gate to source voltage (Fj for different 
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drain to source voltage (I'R) at Lg  = 0.25tm. The g,,, increases with the increases in F.1~1 ,  and 
14 aller reaching maximum value it starts to decrease. The peak gn, occurs at the 1, that just 

begin to cause some noticeable occupations of ionized donors under the gate. the peak 

value of g, is Ibund to be 280 and 225 mS/mm, respectively at Vi,'. 2V lr II II I and 

MOSI IFET, which is higher than the reported value for AlGaN/GaN HFET [36. 681. I ugh 

value of g,, has been attributed to high saturation velocities and high sheet carrier density. 

The decrease in transconductance that OCCUrS for > 1 .5V is a characteristic fi'ature of 

I lFF]'s 1841. The MOSI lIFT have lowet' transconductance in comparison to I liFt. This 

decrease is consistent with a larger separation between the MOSJ-IFEl channel and gate 

contact. Although the MOSI IFET have lower transconductance in comparison to I 1FF I. 

the\' have almost constant variation of' transconductance tbr wide range of gate source 

voltages, which makes it usefol Ibr high performance amplilications. 

5.7 (;te Length Dependent Transconductance 

Figure 5.8 shows the dependence of transconductance on the gate length (Lg) for I IFI1' 

and MOSIIFE'l'. The g,,, decreases with increasing the gate length due to increase in 
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Figure 5.7: 'l'ransconductance as a function of gate to source voltage 
at Lg  = 0.25 tm and W= 100 .tm. 
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Chapter VI 

'I 

High Frequency Performance Analyses 

6.1 Introduction 

The microwave analog circuits for mobile communication system. optical communication 

system, high speed digital circuit applications and more sophisticated high speed 

applications require semiconductor devices with very high switching speed. Cut-oil 

frequency which ultimately determines the switching speed of a device plays most 

significant role to specify the high frequency performance of 1-IFETs. To explain the high 

frequency performance of the InN-based HFET, the effect of gate to source voltage and 

drain to source voltage on cut-of!' frequency is discussed. The effect of gale length which 

is the most important structural parameter to determine cut-off frequency is also analyzed 

to evaluate the high frequency performance. 

6.2 Variation of Cut off Frequency with gate to source voltage 

The cut-off frequency (/) is an important figure of merit for microwave field effect 

transistors. The variation of cut-off frequency with gate to source voltage (1") lbr 

AllnN/lnN HFEl' and MOSI-IFET is shown in Fig. 6.1. The trend of gate to source voltage 

dependence cut-off frequency is similar to g,_I/gç  curve. The!; increases with the increase 

in V •, and reaches to a peak value as the sheet carrier concentration increases up to the 

equilibrium value, after that it begins to decrease. The maximum value of cut-off 

frequency (/) is found to be 110 and 83 Gl-lz at J' = 2 and IV, respectively for I IFFI. 

While those using an oxide layer beneath the gate these are 154 and 116(1Hz. Now, the 

velocity-saturated carriers, moving in a high-field region, are affected by various scattering 

mechanisms, thereby. decreasing the 1. The  /, also increases with the increase in I 

because with the increase in the transconductance increases as the parasitic resistances 

are lower at higher drain to source 
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voltage 1851. A slightly higher cut-oil frequency is observed in case of M( )l I [FT as 

shown in Fig. 6.1(h). This increase in cut-off frequency is attributed to decrease in overall 

capacitance of the device. The variation of cut-off frequency with gate source voltage (!) 

of HFET in comparison to AllnN/lnN MOSHFET is shown Fig. 6.2. The calculated values 

off, for the proposed Al1nN/1nN 1-WET and MOSHFE'I' are found to be much higher than 

the reported values of AIGaN/GaN HFET and MOSHFE1' [36. 68. 71 1. 
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Figure 6.2: Variation of cut off frequency with gate source voltage 

of HFET in comparison to MOSI-IFET 
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6.3 (;ate Length Dependent Cut off Frequency 

1 he variation of cut-off frequency with gate length (Lg) lbr AllnN/1nN I IFFI' and 

MOSI IFkT is shown in fig. 6.3. The!; falls sharply with increasing the L due to increase 

in electron transit time through the channel, resulting in the reduction of the cut-oil 

frequency. The higher Lg  increases the channel resistance and gate capacitance that restrict 

high frequency perfbrmance. Thc/ varies from 110 to 12 (illz and 154 to 26(1hz for 

I IFFT and MOSHFET. respectively with the variation of L from 0.25 im to 1.5 jim at I 'i,', 

= 2 V and Vg, = 1.5 V. 
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Figure 6.3: Dependency of cut off frequency on gate length 
Md 
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6.4 Cut off Frequency and Drain Current Relation 

The dependency of cut-off frequency (t  on drain current ('dc)  is shown in Fig. 6.3. A large 

variation off has been observed with the variation in drain current. When drain current is 

low transconductance is low, hence low value of t is observed. Transconductance 

increases with the increase in drain current, which results in an increase in f. After 

reaching a peak, the g, falls resulting in a fall inf. The peak value off is found to he 110 

and 154 GHz respectively for drain current of 360 mA/mm at Vd. = 2 V and Vg.c  = I .5V fbI 

IIFE'l' and MOSHFET. 

) 

.4 

49 



Chapter VII 

Conclusions and Recommendations 

7.1 Conclusions 

InN has attracted much attention to semiconductor research communities as a very 

promising candidate for designing heterojunction field effect transistor ([-IFET) fi.r high 

frequency applications. However, the practical applications of InN-based electronic 

devices are still immature. This dissertation has focused on the theoretical design and 

performance evaluation of InN based 1-IFET without and with an oxide layer beneath the 

gate. A quantum mechanical charge control model of AllnN/InN HFEI' using the self-

consistent solution of Schrodinger-Poisson equations is developed in this work. To 

characterize the dc and microwave performance a nonlinear analytical model is also 

presented. The model developed is employed to study the impact of' device performance on 

various parameters. 

A 

Sheet carrier concentration is the key parameter to understand the F-IFET operation. By 

solving Schrodinger-Poisson equations self consistently the 2DEG distributions and sheet 

densities in AllnN/InN heterostructure field effect transistor are calculated. Owing to the 

large hand offset and strong polarization effect an extremely high 2DEG sheet density of 

0.94x 1014 and 0.9x 1014 cn12  is observed with In content of in = 0.05 and in = 0.1. 

respectively. Examination of dependency of the electron peak concentration on the In 

content shows that the extremely high density 2DEG is mainly due to the polarization 

effect and quantum confinement effect which are highly enhanced by decreasing the In 

content in the Al11 In111N harrier. The value of peak concentration found to he 4.73 1021 

and 4.51020 cni3. respectively for the AlInN/InN HFET at in = 0.05 and 0.1. While those 

using an oxide layer beneath the gate the peak concentration changes to he 6.2 x 1020 and 

5.9 x102°  ct-il3, respectively. It is very important to know how sheet carrier density (nç ) 
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varies with gate to source voltage. The value of n increases with the increase in J'. li'om 

- threshold voltage due to increase in conduction band discontinuity (AE). Varying the gate 

to source voltage from -2.6 to 0 V. the peak value ol n \vas found to be 2.35 I 0' cni br 

I IFEl. while those using an oxide layer this value was 2.74' 1011  cni* The large values of 

n, are attributed to the presence of polarization induced charges in AllnN/lnN IIF'N'l's. Flie 

sheet carrier densities obtained are one order higher than the conventional GaN-based 

devices 1681. 

The carrier mobility is another very important issue for device performance. The highest 

mobility for the HFET is found to be 8.1 x104  c1,12V'sce at n = 8.79x I 0' cm 2  at 77 K. 

The peak velocity of the carrier for the proposed device is found to be 8.3 x  J (Y cm/sec at 

the field of 66kV/cm. It is found that the velocity is substantially higher than the 

conventional GaN based 1-IFETs [71]. At low sheet densities (/1. < 8.79x 1 0 1 2  cn12 ). charged 

impurity scattering from background donors, surface donors and dislocations limits the 

mobility. Relative concentration of the particular form of charged impurity determines the 

dominant scatterer. I lowever. as is evident from the calculation. mobility at typical 

i\llnN/lnN sheet densities is limited by short range scatterers due to alloy disorder and 

interfoce roughness. 

-1 

The DC characteristic which represents the performance of the device includes niainlv 

drain current and transconductance. A clear gate controlled current-voltage characteristic is 

observed. The peak current density was found to be 715 and 786mA/mm for II IF I and 

MOSI IFFI'. respectively at I",, of 2 V for different values of drain source voltage. The 

drain current was found to be higher for the M()SlTFEI's in comparison to Ilkill. With the 

variation of gate length (Lu ) from 0.25 to 1.5 jim drain current varies from 786 to 205 

mA/mm and 71 5 to 180 mA/mm, respectively for MOSI WET and HFE!'. The peak 'value 

ol transconductance (g ... ) was found to be 280 and 225 mS/mm br lIFET and MON! lIT'!'. 

rcspccti\ ely at. Vd,  of 2V, which is higher than the reported value for GaN 11E1I' and 

MOSF-lFET 136, 681. The g11, varies from 280 to 205 mS/mm and 225 to 105 mS/mm with 

the variation 0! L from 0.25 to 1 .5 jim at J",, of 2 \I  and !' of 1.5 V. 1-ligh value ofg has 

been attributed to high saturation velocities and high sheet carrier density. 
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I he CLII-Off frequency (/) is an important figure of merit that describes the use of' device in 

nucrowave applications. The maximum value of cut-off frequency (f;) is found to he II 0 

and 83 GHz at V of 2 and IV, respectively for 1-IFET. While those using an oxide layer 

beneath the gate these values were 154 and 116 Gllz. The was varied from 110 to 12 

(ii lz and 154 to 26 GI Iz for I IFET and MOSUFET, respectively with the variation of L 

from 0.25 .tm to 1.5 tm at Vds  of 2 V and Vc  of 1.5 V. The calculated values oft; for the 

proposed device are found to be much higher than the reported values of (iaN-based 

devices 136. 701. 

The above studies indicate that the proposed InN-based I IFFI' is very promising for the 

fabrication of high performance high speed devices. 

7.2 Recommendations 

'1'he research work described in this thesis concerned with the theoretical design of InN-

based HFET. The proposed llFE'I' has been successfully designed with some exciting 

results. These have created the way for future work with a goal to fubricate practical InN-

based high performance 1-IFET. But still there are many areas where further work is 

required. The works remaining for future study are discussed as follows. 

The maximum POWCf output is not calculated in this work. It is required to determine the 

maximum power Output of the device in future work which is very important device 

performance parameter at high frequencies. 

The high frequency performance is hampered by noise generated inside the device. More 

works are needed to determine the noise figure SO that the analysis of high frequency 

performance becomes more accurate. 

In this work, the drain current for different biases are determined which is very exciting 

but the breakdown voltage is not determined which a crucial limiting parameter of device 

pci' lbrmaiice. 
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The simulation has been done for this thesis by one dimensional Schrodinger- Poissons 

equation. More accurate results can be obtained further solving two or three dimensional 

Schrodinger- Poisson's equation and also the drain current and other parameters can be 

calculated directly. 

ldVI should be calculated using Monte Carlo Simulation and compared to the analytically 

calculated ldVd 

Further work can be extended to determine the breakdown voltage. InNbased HFET is 

designed with self aligned gate, but there is an option to determine the perlbrmance for 1' 

gate which is treated as more advanced technology now-a-days. 

)- 
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) APPENDIX A 

The time-independent Schrodingcr equation describing a particle of mass In constrained 

to motion in a time-independent, one-dimensional potential V(x) is 

i1i (x) = + 
12 

V(x)]YJ  
2in dx 11  

To Solve this equation numerically, one must first discretize the functions. A sensible first 

approach samples the wave function and potential at a discrete set of A' + I equally spaced points 

in such a way that position xj = I x h, the index / = 0, 1. 2,...,N, and h0  is the interval 

between adjacent sampling points. Thus, one may define x_ x 
,, 

± h0. The region in which we 

wish to solve the Schrodinger equation is of length L = Nh0, At each sampling point the wave 

function has value yi,= V/(xj) and the potential is J' V(x 1 ). The first derivative of the discretized 

wave function q/(x j  ) in the finite difference approximation is 

d yi(x,)—yi(x,) 

dx / /70 
(2) 

To find the second derivative of the discritized wave function, we use the three-point finite-

di ftercncc approximation, which gives 

d 2 ç'/(x /1)-2q/(x,)+q!(x 1 ) 

dx - 
Y (x 

Substitution of Equation (3) into Equation (1) results in the 

llyi(x, ) = —u1 t//(x,_1 ) + d,t,'i(x, ) - U,.1/'I(X f1 ) = Eyi(x, ) (4) 

where the 1-lami Itonian is a symmetric tn-diagonal matrix. The diagonal matrix elements are 
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(1 / 2  =__+v 
inn i0  

and the adlacent oil-diagonal matrix elements are 

u= 
F 7 21nh()  

To find the eigenenergics and eigenstates of a particle of mass in in a one-dimensional, 

rectangular potential well with inhinite barrier energy the boundary conditions require 

yi0 (x0 )= Y'(X , ) = 0. Because the boundary conditions force the wave function to zero at 

positions x = 0 and x = L, [quation (4) may be written as 

d—E it, 0 0 P 

- U 7 d 2 - E - 11 3 0 P, 
(11_EJ)qi= 0 —u, d 3 —E —u4 P, =0 

u. d—E P 

where H is the 1-lamiltonian matrix and I the identity matrix. The solutions to this equation may 

be lound using conventional numerical methods. Programming languages such as MATLAR also 

have routines that efficiently diagonalize the tn-diagonal matrix and solve for the eigcnvalucs 

and cigenfinctions. In the preceding, we have considered the situation in which the particle is 

confined to one-dimensional motion in a region of length L. Outside this region. the potential is 

in hinite and the wave function is zero. Particle motion is localized to one region of space. SO only 

hound states can exist as solutions to the Schrodinger equation. Because the particle is not 

transmitted he ond the boundary positions x = 0 and x = L. this is a quantum nontransmiuing 

boundary problem. There are, of course, other situations in which we might be interested in a 

region of space of length L through which particles can enter and exit via the boundaries at 

position x = 0 and x = L. When there are transmitting boundaries at positions x = 0 and x = L. 

Me 

) 



then 0 (x0 )=O and Y/N(Xw)O.  In this case there is the possibility of unbound particle states 

as well as sources and sinks of particle flux to consider. To deal with these and other extensions, 

the quantum transmitting boundary method may be used. 



Appendix B 

Monte Carlo Simulation of Electron Transport 

The single Monte Carlo Method, as applied to calculate transport properties (mobility, velocity-

field characteristics) in semiconductors, consist of a simulation of the relaxation time of one 

electron inside the crystal subject to applied electric field and scattering mechanisms. 

The performance of semiconductor electronic devices depends on mobility of the materials in 

which they are fabricated. There are several methods used in the calculation of mobility. namely: 

variational principle (VP), iterative method (IM), relaxation time approximation (RTA), 

Matihiessen rule (MR) formalism, and Monte Carlo (MC) method. 

The motion of the electron inside the crystal subject to electric field consists of drill and coil ision 

processes. The effect of external forces is deterministic but the collision processes affect the 

trajectories in a probabilistic manner. The drift process may be calculated by applying the 

classical laws of motion, but the collision process requires probability theory. the best way to 

solve this problem is using Monte Carlo method by generating uniformly distrihutri random 

numbers, and by using them to determine the time between collisions and the nature of the 

collisions. Flowchart of a typical Monte Carlo program is shown in Figure 3.4 

Let. P is the probability that the electron is not scattered in a time interval [t1, 171. We know that 

the total scattering rate per unit time is S(k,k') and therefore can relate the probability P(t) to 

the probability P(t + di). 

P(t + di) = P(i)I - diS(kk')J (I) 

3 
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Figure I: Flowchart for determination of relaxation 
time by M C method Stop 
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where. dtS(k,k') is the probability of an electron being scattered in the time interval 

cli. From the definition of differentiation, Eq. (1) is equivalent to 

(2) 
dt 

Solving this differential equation for P in a time interval [t1 . t2J, we have 

P = exp— f: s(kk)} 
(3) 

S(/,k') is generally a function of time; k can he a function of time. 

We can now design the following numerical scheme to calculate the mean relaxation time 
for the electrons 

At first 7- ,01(k) for all scattering mechanisms is calculated. If these mechanisms 

are independent, then the probabilities for an electron being scattered acid, which 
means that 

___ 
I I 

;:,' (k) r, (k) + T;' (k) + 
(4) 

where the subscript I denotes impurity and ph phonon scattering. 

The time that an electron is not scattered is determined by solving the integral 
Equation (3). This is accomplished in the following way: Because P is a 
probability: it will assume random numbers between 0 and I 

. l'hereforc P can be 
replaced by such a random number rd equi-distrihuted between 0 and 1 . to obtain 

[ I (11 
= expi - I (5) 
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the equation now solved for 12 (tl is the time the electron starts) 

1 laying calculated 1,. a particular electron is considered to he accelerate freely 
between tj and t-, and then the electron is scattered to a diffirent k' vector. Of 
course, we have to choose the correct k' according to the correct probability 

given by the dependence of _!_ on V. 
T,o, 

Again a free acceleration time is calculated between period [tt2] using a new r .  
and 

r(J  =exp - I 
J: 

di 

r" (i) 
(6) 

by solving Equation (5) for 0 again, the electron is considered to accelerate fteely 
in this time period and then scatter and we continue this whole process for mali) 
scattering event, typically equal to 10 

 . For these 1 O scattering event we have 
ftund 104   individual relaxation time. 

And from these relaxation times iø individual mobility is calculated. From these 
average mobi lit)' is calculated. 

,1 



Appendix C 

List of the values of different parameters of InN semiconductor 

Crystal structure Wurtzite 

Density (g cm -3) 6.8 1-6.89 

Dielectric constant 

Static 15 

high frequency 

Lattice constants 

6.7-8.4 

a = 3.54 

c=5,70 

Optical phonon energy (meV) 73 

Band structure 

Energy gap (cV) 0.7 

Potential dcforrnation(eV) 7.1 

Ellective electron mass (in units of m0): 0.07-0.26 ; 0. 14 

Effective conduction band density of states 

(cn13  ) 

4.6 x 1017 
 - 3.3 x  1018 

Ionization energy of donor 

Donor level of N vacancies VN (meV) 40-50 

Valence band 

Effective electron mass (in units of mo)  
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ng strain-induced piezoelectric effects 

InN MN 

d31(cm/m) -1.1 * j _2.0* 10.10  

c (static) 15.3 8.5 

Cn (GPa) 271 398 

C12  (GPa) 124 140 

C13  (GPa) 94 127 

C33 (GPa) 200 382 

a(A°) 3.54 3.112 


