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ABSTRACT

A scalable HEMT model is highly desirable for device engmsedModern electronic
devices require scalability up to high frequencies andaegngineers need more flex-
ibility to design complex circuits. For high-frequency éipations the scalable model
should be able to accurately predict behaviour of the devite major drawback is
lack of a proper topology to represent a full device of ang sind inaccurate tech-
niques to separate the parameters from the measured data.

This thesis explores a distributed model of a HEMT and givesraor-free linear
scaling technique for the extrinsic parameters of the @evicnew technique was in-
troduced to separate the access network from the activeeleamd the active device
was modelled using a distributed technique. A new topoldgynit cell is proposed,
which can be used to analyse different HEMT devices and grda behaviour of un-
measured devices sizes for high frequencies. This modeiradtudes the distributed
effects for various widths of devices, where a signal is pggted from the gate to
drain metallisation. The effect of the manifold in a distriéd model is explored for
various widths of devices and a figure of merit of the modelssuksed.

The linear scalable model was applied to compound deviegging in the number
of fingers and widths, and showed excellent agreement. Thetefof the manifold
on these HEMTSs are explained with respect to the gain of thvecee The model
is also used to analyse the drain-current behaviour of a HENT establishes linear
relationships for the drain current in terms of the unit eeldl device metallisation.

The modelis applied to the determination of the maximumedble gain-bandwidth
product as a function of gate width. This defines the uppeit bifrachievable perfor-

mance for further work, and a new and improved manifold angkfiayouts.
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DUT
FET
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Bipolar Junction Transistor

Computer Aided Design
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Device Under Test
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Number of unit cells
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Xiv Chapter 0. Abbreviations

NN Minimum number of unit cell in the device
PDA Personal Digital Assistant

Pr Pair of gate fingers

pHEMT Pseudomorphic High Electron Mobility Transistor
RF Radio Frequency

Si Silicon

TEGFET Two-dimensional Electron Gas FET

uc Unit Cell

w Width per gate finger

Wr Total width of device

We Width of one unit cell

Waenrax Maximum width of one unit cell

2DEG Two Dimensional Electron Gas



List of Publications

e M. E. Hoque, M. Heimlich, A. E. Parker and S. J. MahotRerformance analysis of
distributed HEMT model with geometry,” In Proc. Wirelesgdavicrowave Technology
Conference (WAMICONApril 15-17 2012 Florida, USA.

e M. E. Hoque, A. E. Parker, M Heimlich and S. J. Maholtgcalable HEMT distributed
model for millimetre-wave applications,” In Proc. Asia R&c Microwave Conference

(APMC), pp. 351-354 Dec. 5-8, 2011, Melbourne, Australia.

e M. E. Hoque, A. E. Parker, and M. Heimlich, J. Tarazi and S. J. Maht®calable
distributed small-signal millimetre-wave HEMT model,” Rroc. European Microwave
Integrated Circuit Conference (EuMICpp. 374-377, Oct. 10-11, 2011, Manchester,
UK.

e M. E. Hoque, M. Heimlich, J. Tarazi, A. E. Parker and S. J. Maht®c¢alable HEMT
model for small signal operations,” International Confare on Electromagnetics in Ad-

vanced Applications (ICEAA¥ept. 20-24, 2010, Sydney, Australia.

XV






Contents

Abstract

Acknowledgments IX

Abbreviations Xiii

List of Publications XV

Table of Contents XVii

1 Introduction 1

11
1.2

1.3
1.4

15

HEMT Geometry. . . . . . . . . . . e e 2
Significance of Scaling . . . . . . . . . .. ... 2
1.2.1 Improving the Performance ofaHEMT. . . . . . . .. .. ... .. 3

1.2.2 OptimumSizeofDevice . . . . . . . .. ... ... .. 4

1.2.3 Analysis of Device Metallisation. . . . . . ... ... ........ 4

Distributed Model of HEMT. . . . . . . . . . . ... ... ... ....... 5
Aimsand Scope . . . . . . . .. e 5
141 AIMS . . . e e 5
142 SCOPE. . . . . . e 7
SYNOPSIS . . . . e 8
151 OVerview. . . . . . . o 8
1.5.2 ThesisContributions . . . . . .. ... ... ... ... ... ..., 9

2 Background 13

2.1
2.2

2.3

Geometrical ScalingofDevices . . . . . . . . .. .. .. .. ... ... 14
GaAs HEMT Technology . . . . . . . . . . . . .. . 15
221 ScalingHEMTs . . . . . . . . . .. 18
2.2.2 Small-SignalModel. . . . ... ... ... ... o 18
HEMT Models . . . . . . . . . 22
2.3.1 Physics-BasedModels. . . . . ... ... ... 0oL 22
2.3.2 Table-BasedModels . . . . .. ... .. .. ... .. .. ..., . 23
2.3.3 EmpiricalModels . . . . ... .. 24

2.4 Lumped and DistributedModels . . . . . . ... ... ... oL 25



XViii CONTENTS
2.4.1 Lumped-ElementModel . . . . .. ... oL 25
2.4.2 DistributedModel . . . .. .. ... ... 27

2.5 Metallisation and Geometric Construction. . . . . . . . . ... ... .... 30
25.1 NumberofGateFingers . . . . .. ... .. ... ... ....... 30
252 GateWidth. . . . ... ... ... 31

2.6 Device Measurement . . . . . . . .. 31
2.6.1 Measuring Instruments and BiasingHEMTs. . . . . ... .. ... 32
2.6.2 Calibration. . . . ... ... 32
2.6.3 S-parameter Measurement . . . . . ... ... 35
2.6.4 Parameter Extraction. . . . . . . .. .. ... L. 37

2.7 Extracted Lumped-Model Parameters. . . . . . . .. .. ... ... ... 37
27.1 Scaling. . . .. .. . 39

2.8 Summary . . ... e e e e e 39

3 Distributed Model of HEMT 43

3.1 Distributed Modelling Technique of HEMT . . . . . . . .. ... ... ... 44
3.1.1 ModelAssumptions. . . . . . .. .. .. ... 44

3.2 Separating Transistor Metallisation . . . . . . ... ... ... ....... 45
3.2.1 End-Effect Parameters and the External Access Nktwar. . . . . . a7
3.2.2 Internal Access Network . . . . . .. .. ... ... L. 47

3.3 The Distributed Model. . . . . . .. ... ... ... L 48
3.3.1 Topology-l . . ... ... . 48
3.3.2 Intrinsic Parameters. . . . . . . . . ... 50
3.3.3 ExtrinsicParameters . . . . . . .. ... ... ... 50

3.4 Device Assembly Technique . . . . . . . . . ... . ... .. .. ... ... 52
3.4.1 S-parameter Error of the Device Model. . . . . ... .. ... ... 52
3.4.2 Model Verification. . . . . .. ... 53
3.4.3 Distributed and Lumped Model Comparison. . . . . ... .. ... 57

3.5 Summary. . . ... e 60

4 Scalable Unit Cell 61

4.1 ScalableUnitCell . . . . . . . . .. ... 62

4.2 Variation of Topology-I Parameters withWidth . . . . . . ... ... .. .. 65
4.2.1 OffsetErrorsinTopology-l. . . . . ... ... ... ... ...... 66

4.3 Scaling Conditionsofa UnitCell. . . . . . .. .. ... ... .. ...... 67
4.3.1 Linearwithoffseterror . . . . . . .. .. ... .. ... ...... 69
4.3.2 Non-linearscaling. . . . . .. ... ... . ... ... 70
433 LinearScaling. . . ... ... ... ... ... 71

4.4 Linearand Scalable UnitCell. . . . . . . . . . ... ... ... .. 71
4.4.1 Topology Selection . . . . . .. .. .. .. ... ... 72
4.4.2 External Access Network Topology . . . . . . . . .. .. ... ... 72
4.4.3 Topology-ll Parameter Scaling. . . . . . .. ... ... ....... 73

4.5 Scalability Test of the Distributed Model. . . . . . .. .. ... ... .... 79



CONTENTS Xix

4.5.1 Scaling Variable Widths. . . . . . . . ... ... ... .. ... ... 81
4.5.2 ImprovementinScaling. . . . . . ... ... ... ... . 81
4.5.3 Distributed Effectsinthe Device. . . . . . . . ... ... ...... 81
4.6 SUMMANY . . . . . . e e e e e e 86
5 Analysis of Distributed Effects 87
5.1 Propagationof RFSignal. . . . . . ... ... ... ... .. ... .. ... 88
5.2 Signal Propagation AlongtheWidth. . . . . . . .. ... .. ... ..... 90
5.2.1 Coupling EffectsonPhase. . . . . ... ... ... ... ...... 91
5.2.2 Phase VariationattheGate . . . . . .. ... ... ... ...... 93
5.2.3 Phase VariationattheDrain. . . . . .. ... ... ... ...... 94
5.2.4 Maximum WidthofUnitCell . . . . . ... .. ... .. ... .... 98
5.3 GainoftheDevices . . . . . . . . . . .. 102
53.1 FigureofMerit. . . . . . . . . L 106
54 Summary . . . ..o e e e e e e 112
6 Multi-finger Device Layouts 113
6.1 Modelling Strategy. . . . . . . . . . . 114
6.1.1 ParameterScaling . . .. .. .. ... . ... .. ... . 116
6.1.2 Device Assembly . . . . . ... L 118
6.1.3 Model Scalability Test. . . . . .. ... ... ... .. ... ..., 119
6.2 Optimum Width of Gate and Numberof Fingers . . . . . .. ... ..... 119
6.2.1 Device Assembly Including Manifold . . . . .. ... ... ..... 121
6.2.2 Maximum Available Gain: GMax . . . . ... ... ... ...... 121
6.2.3 Effects of ManifoldonGMax. . . . . ... .. ... ... ...... 125
6.3 Effects of Manifold on Frequency and Gain bandwidth . . . . . . .. . .. 131
6.3.1 Unity-Gain Cut-Offfrequency . . . . . . .. ... .. ... ..... 131
6.3.2 Gainof CompoundDevices . . . . . ... ... ... ... ... .. 132
6.3.3 PerformanceofUnitCell . . . . . . . ... .. ... ... ... ... 135
6.4 Summary . . . . .. e e 135
7 Case Study: Drain-Source Current of Distributed HEMT Model 137
7.1 Drain-Source Current Characteristics . . . . . . .. ... .. ... ..... 138
7.2 DrainCurrentDensity . . . . . . . . . . 138
7.2.1 Drain Current of Model and Measured Device. . . . . . .. .. .. 139
7.2.2 Analysing the Unit-cell Drain Current. . . . . . ... .. ... ... 140
7.2.3 Drain Current of the Unit cell and the Whole Device. . . . . . . .. 140
7.2.4 Drain Current and Device Width Relations. . . . . .. .. .. ... 145
7.3 SUMMArY . . . . . . e 149
8 Conclusion and Future Work 151
8.1 OUICOMES. . . . . . . e 151
8.1.1 DistributedModel . . . . . ... ... .. 152

8.1.2 Linear Scalable Model . . . . . . . . . ... 152



XX CONTENTS

8.1.3 Analysis of Distributed Effects. . . . . .. .. ... .. ....... 152
8.1.4 Scaling Parallel-finger Devices . . . . . . .. ... ... ...... 153
8.1.5 Drain Current and Metallisation . . . . . . ... .. .. ... .... 154
8.2 Suggestionsfor FutureWork . . . . . . .. ... L Lo 154
8.2.1 AccessNetworkModel. . . . .. .. ... ... ... ........ 154
8.2.2 BiasingiFET. . . . . . . . . . . 155
8.2.3 DeviceProcess . . . . . . . ... 155

8.2.4 Coupling Effects

Bibliography 157



