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Abstract

To advance high-performance AlGaN/GaN HEMTs, understanding and miti-

gating trapping e�ects is crucial. In this research, new trap characterisation and

analysis methods have been investigated and developed in order to enable detailed

investigations into the impact of both fabrication processes and epi-structure varia-

tions.

Initially, in collaboration with IQE, this understanding of trap characterisation

and analysis was �rst developed, with a large variety of MIS-HEMT structures

fabricated at a commercial foundry. Through the use of DC-IV characterisation,

multiple trapping e�ects were observed and investigated, revealing novel trapping

behaviour observable as an output transconductance overshoot. This enabled the

development of new characterisation techniques and analysis methods enabling a

greater understanding of device topology and the epi-structure on trap e�ects.

These techniques were then applied to investigate the e�ect of di�erent fabri-

cation processes and epi-structure variations on traps. When ion implantation was

compared with mesa etching for device isolation, ion implantation was found to

demonstrate signi�cant advantages over mesa etching, resulting in reduced trap-

ping, improved drain and gate leakage, and improved overall device performance.

Furthermore, AlGaN barrier thickness variations were investigated. Here, a 15 nm

barrier layer was found to emerge as the optimal thickness, o�ering a balanced com-

bination of high drain current density, transfer transconductance, and low leakage,

while minimising trapping e�ects. Finally, a low Al concentration AlGaN back bar-

rier on suppressing barrier traps was evaluated. Despite increasing self-heating, the

back barrier has been shown to e�ectively isolate bu�er traps, leading to reduced

gate and drain-lag current collapse, improved DC-IV characteristics, and enhanced

power added e�ciency (PAE) at 8 GHz.

This research provides valuable insights into trap characterisation and analysis,

enabling the optimisation of AlGaN/GaN HEMT fabrication processes and epi-

structures for improved device performance.
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Chapter 1

Introduction

1.1 Why GaN HEMTs

There has been rapid growth in the use of high frequency systems in numerous

applications such as military, satellite communication, to consumer wireless com-

munication systems such as 5G. One example is with the shift towards 5G where

billions of devices will be connected, and high data rates of multi-Gbps is required.

These systems consist of multiple components, and due to the requirement of Mul-

tiple Input Multiple Output (MIMO) con�gurations, RF systems are growing in

complexity. The RF front end consists of power ampli�ers (PA), low-noise ampli-

�ers (LNA), and switches. During transmission, the e�ciency of the power ampli�er

is the most important metric due to both power and thermal constraints [1]. The PA

needs constant development to achieve higher power, higher frequency and higher

e�ciency to meet the demand for future high-frequency RF systems [2].

Since PA technology emerged in the communications market in the 1990s, it has

been dominated by silicon (Si) lateral di�usion metal oxide semiconductor (LDMOS)

devices. This is still the case for applications with operating frequencies below 2 GHz

[1]. Currently in mobile phones, the dominant technology is the GaAs heterojunction

bipolar transistor (HBT) [3]. Silicon dominated because of its low cost and highly

mature technology. However, Si su�ers from several disadvantages such as; low

critical electric �eld, low operating temperature, and low carrier mobility. Whilst
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GaAs HBTs o�er fantastic RF performance, they su�er also su�er from a low critical

electric �eld.

To overcome these shortcomings and the requirement for higher power densities,

the move to a new semiconductor material is required. Wide-bandgap semiconduc-

tors have been considered an enabling technology. and of these, Gallium Nitride

(GaN) has emerged as one of the most promising options [4] due to its advantages

over silicon and GaAs HBTs [5].

The reason GaN is considered ideal for both high-power and high-frequency ap-

plications is its unique material properties. This results in GaN having a high critical

electric �eld, high electron saturation velocity, high thermal conductivity, and a low

dielectric constant. Therefore, it is likely that GaN will replace all traditional semi-

conductor materials for 5G communication systems [1].

Its electrical properties can be seen in Table 1.1 taken from [4], compared to

the electrical properties of Si, Gallium Arsenide (GaAs), 4H-SiC, GaN(Bulk), and

GaN(HEMT ). The di�erence between GaN(Bulk) and GaN(HEMT ) is due to the for-

mation of a two-dimensional electron gas (2DEG) in the GaN High Electron Mobility

Transistor (HEMT) [6].

Table 1.1: Comparison of material properties of di�erent semiconductors [4]

Material Bandgap Mobility Permittivity Saturation Critical Field
Eg (eV) �n (cm2V�1s�1) � Velocity Ec (Vcm�1)

(cms�1)
Si 1.12 1400 11.8 1� 107 3� 105

GaAs 1.42 8500 12.8 2� 107 4� 105

4H-SiC 3.23 260 9.7 2� 107 2:9� 106

GaN(Bulk) 3.44 900 9 2:5� 107 3:3� 106

GaN(HEMT ) 3.44 1800 9 2:5� 107 3:3� 106

The properties of GaN are approximately 3.1 times the energy band gap, 2.7

times the electron saturation velocity, and 11.6 times the critical electric �eld over

Si [7]. GaN also has approximately 5 times the breakdown voltage of any other

transistor technology with similar high frequency power gain such as those made

from Si, Silicon Germanium (SiGe), Indium Phosphide (InP), and GaAs [8]. This

increased breakdown voltage is highly desirable due to the need for devices to operate
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at both high temperature (> 250 °C), and high output power at high frequencies

(> 100 GHz) [9] [10].

1.2 Current Issues with RF GaN HEMTs - Trap-

ping Effects

During the last 30 years, there has been a signi�cant amount of research on the RF

GaN HEMT device with signi�cant success. Table 1.2 taken from [11] highlights

the current state of the art for GaN HEMT RF performance. In 2020 the �rst

GaN power ampli�er MMIC operating beyond 200 GHz was reported in [12], and in

recent years there has been signi�cant success with Monolithic Microwave Integrated

Circuits (MMIC) operating above 100 GHz in the W, D and G bands [13] [14] [15]

[16] [17] [18].

Table 1.2: An Overview of the Current Commercial Deep Sub-Micron GaN Processes
[11].

Lg (nm) ft (GHz) fmax (GHz) Pout (W/mm @ GHz) Bias (V)
NGC 200/150 65 - 4 @ 38 28
Qorvo 90 115/145 - 1.3 @ 35 13-15
Raytheon <150 - 200 2.8 @ 95 18
Ommic 100 100 180 3.3 12
HRL T3 40 220 440 - 1-12
HRL T4 20 320 550 - 0.5-4
Cree 150 30/40 >80 3.5 @ 30 28
Fraunhofer 100 110 >320 2 @ 40 15

However, despite this success, GaN HEMTs are plagued with numerous issues.

These issues include DC-RF dispersion, poor power-added e�ciency (PAE), and

linearity [1]. These negative e�ects are attributed to the presence of trap states in

the bulk epi-structure and at the surface of the device. These traps lead to stability

and reliability issues. These issues can manifest as current collapse, threshold volt-

age drift, short-channel e�ect deterioration, and reduced RF power output. These

signi�cantly hinder the performance of GaN HEMTs [19]. The prevalence of these

trap states in GaN HEMTs is due to the large lattice mismatch, with the substrate
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typically being a non-native substrate such as Si or SiC. This leads to growth defects

and dislocations that can become sources of trap e�ects [20].

1.3 Research Achievements

This thesis has two main Achievements:

1. Develop trap characterisation and analysis techniques that can be used to

assess the impact of variations in the fabrication process and epi-structure on

the AlGaN HEMT trap states.

2. Apply the developed trap characterisation and analysis techniques to the pre-

existing DC and RF characterisation methods that are used in the research

group to enable deeper investigations into the e�ect of alternative fabrication

processes and epi-structure variations on device linearity and e�ciency.

Achieving both of these has enabled improvements in both the process 
ow for

device fabrication and provided insight into epi-structure variations that can be used

to enhance the performance of RF AlGaN/GaN HEMT devices.

1.4 Thesis Outline

This thesis consists of 9 chapters:

Chapter 1 provides an introduction to the current state-of-the-art GaN HEMTs,

followed by the current issues and challenges facing GaN HEMTs that prevent their

full potential from being realised.

Chapter 2 reviews the basic operating principles of GaN HEMTs at both DC

and RF, with important �gures of merit discussed and details on how small-signal

RF measurements are performed and small-signal equivalent circuit models can be

derived.
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Chapter 3 discusses the trapping e�ects in GaN HEMTs, along with the physics

that causes these trapping e�ects, what e�ect they have on GaN HEMTs, and how

they can be characterised and suppressed.

Chapter 4 presents the fabrication process and the techniques required to pro-

duce high-performance RF GaN HEMTs. It starts with an introduction into the

material properties and material growth, followed by a brief description of all the

fabrication steps carried out for this work.

Chapter 5 in collaboration with IQE, aims to develop the capability and DC-IV

characterisation methods that can be used to determine the location and the e�ect of

trap states in AlGaN/GaN devices, through a simple epi-structure and a wide vari-

ety of metal-insulator semiconductor high-electron mobility transistor (MIS-HEMT)

structures. In this section a new trapping e�ect is observed that has been previously

unreported, along with the observation of multiple trapping e�ects that have been

identi�ed and discussed.

Chapter 6 investigates the e�ect of two di�erent isolation methods on the per-

formance of AlGaN/GaN HEMT that have been fabricated. The e�ect of mesa

etching and ion implantation for device isolation was investigated with regard to

the trapping states in the device and, therefore, the e�ect of the fabrication process

on the linearity and e�ciency of AlGaN/GaN HEMTs. The DC and RF performance

has also been investigated with small signal modelling performed to investigate the

e�ect of device isolation on the intrinsic device parameters.

Chapter 7 assesses the trade-o� between the desire to reduce the AlGaN barrier

thickness to enable higher frequency operation of AlGaN HEMTs, and the poten-

tial negative impact this reduction in AlGaN barrier thickness can have on device

properties. To perform this analysis, three di�erent wafers with di�erent AlGaN
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barrier thicknesses were used for the fabrication of AlGaN/GaN HEMTs. These

were then characterised to determine the e�ect of barrier thickness in the quantity

of trap states. The DC and RF performance has also been investigated for each

AlGaN barrier thickness to determine the optimal thickness for the fabrication of

short gate AlGaN/GaN HEMTs for high-frequency operation.

Chapter 8 analyses the e�ectiveness of a low Al concentration AlGaN back bar-

rier in the epi-structure below the channel to determine its e�ectiveness in reducing

the e�ects of bu�er traps. For this, multiple AlGaN/GaN HEMTs were fabricated

on two di�erent wafers. One with no AlGaN back barrier and the other with an

AlGaN back barrier. Multiple characterisation methods have been used to observe

the impact of this AlGaN back barrier in the suppression of trap e�ects, along with

the e�ect on device performance. These characterisation methods include DC-IV,

Pulsed-IV, DCTS, small-signal RF, and a large-signal load pull and power sweep at

8 GHz.

Chapter 9 concludes this research thesis, summarising the �ndings along with

a discussion of the potential for future work.
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Chapter 2

Introduction to Gallium Nitride

High Electron Mobility Transistors

2.1 History of the GaN HEMT

The High Electron Mobility Transistor (HEMT) was �rst demonstrated by Mimura

et al. at Fujitsu Labs in 1980 in the Gallium Arsenide (GaAs) material space [21].

The �rst demonstration of a HEMT in Gallium Nitride (GaN) was done by Khan

et al. in the early 1990s with the �rst observation of a 2DEG in GaN in [22], and

the �rst fabrication of a GaN HEMT in [23]. Since then, despite its virtually non-

existent high-frequency performance at the time [8], the GaN HEMT has become one

of the most powerful and power-e�cient RF devices in the 1 to 100 GHz frequency

range.

2.2 Operating Principles of GaN HEMTs

2.2.1 Polarisation and Formation of 2DEG channel

The HEMT is a Field E�ect Transistor (FET), which can also be referred to as a

Heterojunction Field E�ect Transistor (HFET). This name is due to the formation

of a heterostructure, at the junction between two semiconductor materials with
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di�erent band gaps [24]. The conventional AlGaN/GaN HEMT structure, shown

in Figure 2.1, leads to the formation of this heterojunction between the AlGaN

and GaN layers, due to the dissimilarities in the band gap of AlGaN and GaN. At

this heterojunction, electrons will move from the top layer surface due to of the

spontaneous polarisation (PSE) that occurs because of the wurtzite-shaped GaN

crystal structure. At this heterojunction, the collection of the free carriers leads

to the creation of a conducting channel. The electrons con�ned to this channel

are referred to as a 2-Dimensional Electron Gas (2DEG). This 2DEG is con�ned

in the third dimension and can only freely move in two directions. Because of the

separation of the electrons from these donor atoms, there is a signi�cant reduction

in the Coulomb scattering, which leads to extremely high mobility and thus a high

saturation velocity of the electrons.

Figure 2.1: A standard HEMT structure is shown with the location of the formed
2DEG. To the right the band structure is shown, highlighting the quantum well that
forms below the Fermi level to con�ne the 2DEG. The movement of electrons from
surface donor states to the 2DEG is also highlighted.

The ability of AlGaN/GaN HEMTs to form this 2DEG without any additional

doping is due to the PSE and piezoelectric attributes, which originate in the III-

Nitrides crystals. This quality is due to the III-nitride wurtzite crystal arrangement.

The high variation in electronegativity due to covalent-ionic bonds and the lack of
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symmetry along the c-direction lead to this very high PSE in the < 0001 > direction.

The other polarisation e�ect is piezoelectric polarisation (PPE) which is formed due

to strain in the epitaxial layers. This originates from the lattice mismatch between

the thin AlGaN and the thicker GaN layers. Therefore, the polarisation charges come

from these two sources, the piezoelectric e�ect from strain in the AlGaN layer, and

the di�erence in PSE between AlGaN and GaN. Due to the increased piezoelectric

constants and the PSE moving from GaN to AlGaN, the total polarisation in the

AlGaN layer is larger than that in the GaN layer. The stress is de�ned as:

PPE = 2"a

�
e31 �

e33c13

c33

�
(2.1)

where "a is the lattice constant of AlGaN, e31 and e33 are the piezoelectric con-

stants and c13 and c33 are the elastic constants of the AlGaN and GaN material,

respectively.

This e�ect leads to a positive polarisation charge at the AlGaN/GaN interface.

This has the e�ect of pulling the conduction band down as shown in Figure 2.1.

This causes the electrons to move from the donor atoms to compensate for this

positive charge, resulting in the formation of the 2DEG, con�ned in the quantum

well that forms below the Fermi level (EF ) at the AlGaN/GaN interface. In the

GaN material, the conduction band is then pulled up as a result of the polarity

shifting as the polarisation shifts the charge to negative.

The formation of the 2DEG due to polarisation is described by:

� = (PSP;AlGaN + PPE;AlGaN)� PSP;GaN (2.2)

where � is the sheet charge where the AlGaN and GaN layers meet, PPE and PSP

represent the piezoelectric polarisation and the positive spontaneous polarisation,

respectively.

The mathematical expression for the 2DEG concentration is:

10
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ns =

�
�

q

�
�
�

"0"r
q2tAlGaN

�
(q�b + EF ��EC) (2.3)

where �EC represents the energy variation between the AlGaN and GaN mate-

rial, EF is the Fermi level with respect to the conduction band of the GaN material,

q�b is the barrier height of the Schottky gate, tAlGaN is the thickness of the AlGaN

layer, "r is the dielectric constant, q is the charge of an electron, � is the sheet charge

where the AlGaN and GaN layers meet, and ns is the 2DEG current density [25]

[26] [27].

2.3 GaN HEMT DC Characteristics

In the operation of a GaN HEMT current is con�ned in the 2DEG. Current 
ows

between the drain and the source (IDS), and the 
ow of IDS is controlled by applying

a voltage to the gate. Due to the con�nement of the current 
ow to the 2DEG, the

quality of this 2DEG has a signi�cant impact on the conductivity of the channel.

The quality of this channel is highly dependent on the epilayer structure used to

grow the GaN HEMT. The conductivity of 2DEG is de�ned as:

� = qns� (2.4)

where � is the sheet conductivity in the 2DEG, q is the charge of an electron, ns

the current density of 2DEG and � is the mobility of electrons. This highlights the

dependence of channel conductivity on carrier concentration and mobility [28].

In GaN HEMTs the DC output characteristics can be separated into two regions,

the linear region and the saturation region. These regions are shown in Figure 2.2

where the linear region is de�ned by the point at which the electric �eld of the

drain-source (E(x)) is less than the critical electric �eld (Ec) . This is de�ned as

(E(x) < Ec). The saturation region is where the drain-source electric �eld is greater

than the critical electric �eld (E(x) > Ec). The critical electric �eld is the point at

which the electric �eld has a potential high enough to allow the electrons to travel

11
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Figure 2.2: DC Output Characteristics of a GaN HEMT, showing the linear region,
saturation region, and device pinch o�.

at their saturation velocity (vsat).

The velocity of electrons in the linear region is governed by:

v = �E(x) (2.5)

where E(x) refers to the electric �eld potential, v is the velocity of the electrons,

and � is the mobility of the electron.

For the saturation region, the velocity of the electrons is no longer dependent on

the source-drain electric �eld because their velocity has saturated. This is de�ned

as:

v = vsat (2.6)

The drain-source current (IDS) 
ow across the channel is expressed as:
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IDS = qns(x)v(x) (2.7)

where q is the charge of an electron, ns(x) is the 2DEG current density, and V(x)

is the velocity of the electrons in the channel. This applies when IDS is normalised

to the width of the gate (WG).

Taking into account the channel potential V(x), the 2DEG charge density is:

qns = C(VGS � Vt � V(x)) (2.8)

where Vt represents the threshold voltage and C represents the gate capacitance

normalised to Wg.

Looking at the linear region where E(x) < Ec, both Equations 2.5, 2.6, and 2.8

can be substituted into Equation 2.7 to result in:

IDS = C(VGS � Vt � V(x)) � �
dV(x)

dx
(2.9)

This can then be rearranged to give the di�erential:

IDS
C � �

dx = (VGS � Vt � V(x))dV(x) (2.10)

This can then be integrated, which when in the linear region, results in:

IDS =
�C

x

"
(VGS � Vt)V(x) �

V 2
(x)

2

#
(2.11)

When a small VDS is applied, this linear region is applied throughout the channel,

substituting x = Lg and V(x) = VDS, the drain current in this linear region can be

described by:

IDS;lin =
�C

Lg

�
(VGS � Vt)VDS �

V 2
DS

2

�
(2.12)

If this IDS;lin is now di�erentiated with respect to VGS, it allows us to derive the

transconductance (gm):

13
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gm;lin =
�C

Lg
VDS (2.13)

since transconductance is the rate of change in IDS with respect to VGS.

The equations derived above are only valid when VDS is low and the HEMT

is operating in the linear region. Therefore, when VDS increases to a value large

enough to introduce velocity saturation at any point in the channel, reaching the

saturation region. It becomes important to focus on the point at which the critical

electric �eld occurs. Equation 2.11 therefore needs to be solved for V(x):

V(x) = VGS � Vt �

s
(VGS � Vt)2 � 2IDSx

�C
(2.14)

and E(x):

E(x) =
dV(x)

dx
=

IDS

�C
q

(VGS � Vt)2 � 2IDSx
�C

(2.15)

Taking lc as the point of the critical electric �eld and setting x = lc, means that

the electron saturation velocity must satisfy the below:

vsat = �E(lc) = �Ec (2.16)

Taking Equation 2.15 and substituting into this equation allows us to calculate

IDS in the saturation region:

IDS;sat = vsatC
hp

(VGS � Vth)2 + (lcEc)2 � lcEc
i

(2.17)

Since saturation IDS depends on VGS, the transconductance in the saturation

region is obtained by di�erentiating this equation with respect to VGS, resulting in

the following.

gm;sat = vsatC
VGS � Vthp

(VGS � Vth)2 + (lcEc)2
(2.18)
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In short gate length devices, lc becomes small and this allows the two above

equations to be approximately reduced for IDS;sat:

IDS;sat � vsatC(VGS � Vth) (2.19)

and for gm;sat:

gm;sat � vsatC (2.20)

These equations only take the intrinsic part of the AlGaN/GaN HEMT, so the

extrinsic components must be added, and VGS and VDS need to be rede�ned to

VGS;ext and VDS;ext to indicate that they are applied directly to the source, gate, and

drain electrodes directly.

For VGS we get:

VGS = VGS;ext � IDSRs (2.21)

and for VDS:

VDS = VDS;ext � IDS(Rs +Rd) (2.22)

In both of these Rs and Rd refer to the source and drain resistances, respectively.

[29]
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2.4 GaN HEMTs at RF

2.4.1 The Small Signal Equivalent Circuit Model

At high frequencies, the device is studied in terms of a small-signal equivalent cir-

cuit model. Under small-signal conditions, the non-linear characteristics of HEMTs

can be linearised and described using a linear small-signal model, using lumped el-

ements. The model used in this work is shown in Figure 2.3 and consists of two

sections; Extrinsic parameters, and intrinsic parameters. The extrinsic parameters

are parasitic elements that depend on the device layout and tend to degrade RF

performance. Each of these elements in the small signal model translates into a

physical e�ect occurring in the device and are listed in Table 2.1.

Figure 2.3: HEMT small-signal equivalent circuit model. Elements inside the red
dashed lines, refer to the extrinsic parasitics, and inside the blue dashed lines are
the intrinsic device parameters.

Intrinsic Equivalent Circuit Parameters

In this HEMT small signal model, IDS is dependent on both VGS and VDS. Changing

VGS or VDS results in changes in IDS de�ned by the transconductance (gm). When

VGS changes rapidly, IDS cannot change immediately due to the time required to

charge and discharge the associated gate capacitance in the depletion region. This
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Parameter Physical description

In
tr

in
si

c

Cgs Gate-source capacitance
Cgd Gate-drain capacitance
Cds Drain-source capacitance
Ri Input resistance
RDS Drain-source resistance
gm Transconductance
� Transconductance delay

E
x
tr

in
si

c Rg Gate resistance
Rg Gate resistance
Rd Drain resistance
Rs Source resistance
Lg Gate inductance
Ld Drain inductance
Ls Source inductance
Cpg Gate Pad Capacitance
Cpd Drain Pad Capacitance

Table 2.1: Small-signal equivalent circuit components and their physical descrip-
tions.

leads to a time delay � at high frequencies:

gm(!) = gme
�j!� (2.23)

where ! = 2�f is the angular frequency, f is the operating frequency and j is

the imaginary unit.

The gate-source capacitance Cgs and the gate-drain capacitance Cgd describe the

change throughout the depletion region under the gate, when VGS is varied:

Cgs =
dQG

dVGS

����
VDS=const.

(2.24)

and where VDS is varied:

Cgd =
dQG

dVDS

����
VGS=const.

(2.25)

here, QG refers to the charge at the gate, which is equal but opposite to the

17



CHAPTER 2. INTRODUCTION TO GALLIUM NITRIDE HIGH ELECTRON
MOBILITY TRANSISTORS

charge induced throughout the depletion region.

Drain-source capacitance Cds represents the capacitance between the drain and

the source, after the extrinsic pad capacitance has been removed:

Cds =
dQD

dVDS

����
VGS=const.

(2.26)

where QD refers to the drain charge.

Of the remaining intrinsic parameters shown in Table 2.1, Ri refers to the input

resistance, which a�ects the gate charging time and Rgd is complementary to Ri and

re
ects the symmetrical nature of the physical device in the linear region [30]. Rds

represents the �nite output resistance of the device [31].

Extrinsic Equivalent Circuit Parameters

The extrinsic parameters are also shown in Table 2.1. Here Rs and Rd refer to the

ohmic contact of the source and the drain, including the bulk resistance, leading to

the active channel, respectively. Rg refers to the metallisation resistance due to the

formation of the Schottky contact.

Lg, Ls and Ld, refer to the parasitic inductance through the contact pads, for

the gate, source and drain, respectively.

Cpg and Cps are the parasitic capacitances and represent the electric �eld distri-

bution, due to contact pads.

Defining ft and fMAX through the equivalent circuit model

The de�nition of both ft and fMAX can be represented by the equivalent circuit

model using:

fT =
1

2�[(Cgs + Cgd)(1 + Rs+Rd

Rds
) + gmCgd(Rs +Rd)]

(2.27)

for ft and:
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fMAX =
fT

2
q

Ri+Rg+Rs

Rds
+ 2�fTRgCgd

(2.28)

fMAX [32].

2.4.2 S-Parameter Measurements

High-frequency characterization of HEMTs relies heavily on scattering parameters

(S-parameters). Unlike low-frequency measurements using impedance (Z-parameters)

or admittance (Y-parameters), S-parameters are preferred at RF due to their ease

of measurement and analysis. S-parameters represent the ratio of incident and re-


ected power waves at each port of the device, providing valuable information about

signal transmission and re
ection. These consist of a 2-port measurement system as

described in Figure 2.4.

Figure 2.4: Two-Port s-parameter measurement system, with input signal generator
and output load for RF characterisation of GaN HEMTs.

In DC measurements, in order to terminate the load for measurements, an open

or a short is used to allow for Voltage and Current to be measured; however, at high

frequencies, the implementation of an open or short is highly complicated. Therefore,
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to measure the s-parameters, either a Vector Network Analyser (VNA) or Power

Network Analyser (PNA) will be used. These instruments employ a 50 
 termination

load to eliminate re
ections. At high frequencies, it is di�cult to implement a 50 


load due to parasitic e�ects. This standardised termination simpli�es measurements

and ensures consistent results in di�erent setups [33].

The s-parameter matrix describes the relationship between incident (a) and re-


ected (b) waves, and can be expressed as:

264b1

b2

375 =

264S11 S12

S21 S22

375
264a1

a2

375 (2.29)

From this matrix representation, the individual re
ected waves (b1) and (b2) can

be explicitly written as:

b1 = S11a1 + S12a2 (2.30)

and

b2 = S21a1 + S22a2 (2.31)

where S is the s-parameters, and a and b represent the incident and re
ected

wave components, respectively.

The S parameter input re
ectance coe�cient is described as:

S11 =
b1

a1

���
a2=0

(2.32)

the output re
ectance coe�cient is:
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S22 =
b2

a2

���
a1=0

(2.33)

the input forward gain is given by:

S21 =
b2

a1

���
a2=0

(2.34)

the output reverse gain is given by:

S12 =
b1

a2

���
a1=0

(2.35)

During measurements, S11 and S21 are measured by terminating the output port

with the 50 
 load, where S12 and S22 are measured by terminating the input port

with the 50 
 load [29].

S-parameter measurements can easily be converted into many other parameter

forms to allow further analysis of the measurements such as Z- and Y-parameters

[34].

There are two main �gures of merit for an RF HEMT, which are the Current

Gain Cut-o� Frequency (ft), and Maximum Frequency of Oscillation (fMAX).

ft is de�ned as the frequency at which the current gain falls to unity as shown

in Equation 2.36. This can be expressed using H-parameters which represent the

current in a system:

fT : h21(fT ) = 1 (2.36)

This can also be expressed in terms of s-parameters as:

h21 =
�2S21

(1� S11)(1 + S22) + S12S21

(2.37)
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fMAX is de�ned as the frequency at which Masons unilateral power gain (GU)

falls to unity shown in:

fMAX : GU(fMAX) = 1 (2.38)

This can be de�ned through s-parameters as:

GU =
jS21 � S12j2

1 + jS11S22 � S12S21j2 � jS11j2 � jS22j2 � jS12S21j2 � S12S21 � S21S12

(2.39)

This manipulation of S-parameters allows for many important insights into device

performance to be made [31].

2.4.3 Using S-Parameter Measurements for Equivalent Cir-

cuit Modelling

To perform equivalent circuit modelling; the core physics underlying the HEMT

needs to be considered. The �rst criteria is to choose the small signal model. This

has been done here by �rst observing a large signal model for the HEMT shown in

Figure 2.5.

This large signal model consists of both extrinsic and intrinsic regions and con-

tains two diodes in the intrinsic region. Linearising the behaviour, by taking mea-

surements in the saturation region, the previously mentioned small signal model can

be deduced, repeated here again in Figure 2.6. This has replaced each diode with

a capacitor and resistor pair and replaced the large signal current source with the

small signal current source, which relies on the transconductance and the angular

frequency and time delay.

The equivalent circuit modelling procedure can be broken down into the follow-

ing steps; extracting pad capacitance; extracting series parasitics; and extracting

intrinsic parameters.
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Figure 2.5: HEMT large-signal equivalent circuit model. Elements inside the red
dashed lines, refer to the extrinsic parasitics, and inside the blue dashed lines are
the intrinsic device parameters.

Figure 2.6: HEMT small-signal equivalent circuit model. Elements inside the red
dashed lines, refer to the extrinsic parasitics, and inside the blue dashed lines are
the intrinsic device parameters.
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Pad capacitance

For this measurement, the device is biased in the cold-FET bias, where VDS is

set to 0 V. For this measurement, the device is pinched-o�, where VGS << Vt.

This e�ectively presents HEMT as a block of semiconductor material, with pads

as shown in Figure 2.7. This model can be further simpli�ed if only low-frequency

measurements are considered, as in Figure 2.8, as resistance and inductive parasitics

become negligible compared to capacitance.

Figure 2.7: Cold-FET con�gurations small-signal equivalent circuit model. Y1, Y2,
and Y3 are labelled to show the capacitance grouping in the � network.

Figure 2.8: Cold-FET con�gurations small-signal equivalent circuit model. Y1, Y2,
and Y3 are labelled to show the capacitance grouping in the � network.

With this circuit model, it can be simpli�ed to a � network, and when the

s-parameters, are converted to y-parameters the following describes the network:
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Y1 = Y11 + Y21 = j!(Cpg + Cb) (2.40)

Y2 = Y22 + Y12 = j!(Cpd + Cb) (2.41)

Y3 = �Y12 = j!Cb (2.42)

These equations can then be rearranged to allow computation of the capacitance

values:

Cb = �Y12

j!
(2.43)

Cpg =
Y11 + Y21

j!
� Cb (2.44)

Cpd =
Y22 + Y12

j!
� Cb (2.45)

The pad capacitances can then be de-embedded to allow for the next set of

parasitics to be extracted.

Series Parasitics

In order to extract the extrinsic resistance and inductance parasitics, the diodes in

the HEMT need to be brought into conduction. This is done by applying a forward

bias to the HEMT which consists of a high positive VGS, whilst ensuring VDS is at 0

V. During forward bias, the equivalent circuit can be represented as shown in Figure

2.9. During this measurement, it is best to use a current source for the gate, rather

than a voltage source to ensure the current 
ow through the gate is kept constant.

In this work, three bias points were used, which were 200, 400, and 600 �A/mm.

The s-parameter measurements must then be converted into z-parameters:
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Figure 2.9: Forward bias con�guration small-signal equivalent circuit model. Z1,
Z2, Z3, R1, R2, and R3 are labelled to show the impedance and resistance grouping
respectively.

Z1 = Z11 � Z21 = Rg + j!Lg (2.46)

Z2 = Z22 � Z12 = R2 + j!Ld (2.47)

Z3 = Z12 = R3 + j!Ls (2.48)

which allows the resistor and inductor values to be separated, where the resis-

tance is the real part, and the inductance is the imaginary part of the z-parameters.

This allows inductance to be directly calculated; however, for the resistance values

R2 and R3 these represent both series parasitics Rd and Rs, respectively, along with

the resistance of the diode Rdiode.

Therefore, to extract the diode resistance, the resistance for both R2 and R3

should be plotted against 1=IGS. Then, by linear extrapolation of these plots, Rdiode

can be removed, as Rdiode = 0 at the Y-axis intercept.

Now that the series parasitics have been extracted, they can be de-embedded to

allow for the intrinsic parameters to now be extracted.
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Intrinsic Device

For extracting the intrinsic parameters, the bias point is now chosen depending on

the desired operating points of the HEMT. For this work, the bias points were chosen

for VGS = maximum gm , with VDS = 15 V.

At this stage of the small-signal model, we look directly at the intrinsic part of

HEMT as seen in Figure 2.3. For the extraction of all of these components, the

s-parameters are once again converted into y-parameters. The y-parameters can be

directly related with each associated intrinsic parameters using:

Y11 =
j!C gs

1 + j!C gsR1
+ j!C gd (2.49)

Y12 = � j!C gd (2.50)

Y21 =
gmej!�

1 + j!C gsR1
� j!C gd (2.51)

Y22 =
1

Rds
+ j! (Cds + Cgd) (2.52)

These can then be rearranged and substituted to extract each of the intrinsic

parameters.

The intrinsic capacitances are:

Cgd = �
imag(Y12)

!
(2.53)

Cds = �
imag(Y22)

!
� Cgd (2.54)

Cgs = �
1

imag(Y11 + Y12) � !
(2.55)

next, the intrinsic resistances are:
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Rds = real(Y22)� 1 (2.56)

Ri = real(Y11 + Y12)� 1 (2.57)

Finally, it is possible to extract the intrinsic transconductance:

gm = j(Y21 � Y12)(1 + jR i !C gs)j (2.58)

and the time delay:

� =
arg((Y21 � Y12)(1 + jR i !C gs))

!
(2.59)

Now that all intrinsic and extrinsic parameters have been extracted, it is impor-

tant to verify the model works correctly and to further tune and optimise to ensure

the parameters, result in a suitable model for the HEMT over the desired frequency

range [35] [32].

2.5 RF Measurement Procedure for GaN HEMTs

2.5.1 On Wafer RF Measurements

All measurements were performed on wafer using several di�erent RF S-parameter

measurement systems. An example of one system that was used is shown in Figure

2.10. The typical RF measurement system consists of the following:

ˆ VNA or PNA: this is to handle the RF signal generation and measurement.

ˆ DC Power Supply: this is used for the DC bias for the device.
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ˆ Bias Tees: these are used to combine the RF and DC signal on the device side,

but block RF from reaching the DC power supply and DC from reaching the

PNA or VNA.

ˆ RF Range Extenders: These are optional and used to extend the maximum

measurement frequency from 67 to 130 GHz. In Figure 2.10 these contain the

bias tee.

ˆ RF GSG Probes: these land on the pads on wafer to enable electrical contact

for the measurement system.

ˆ RF Cables: these are a high frequency coaxial cable that is used for the con-

nection between the VNA, bias tees, and RF GSG probes.

ˆ DC Cables: these are triaxial cables that run from the bias tee to the mea-

surement system.

ˆ Probe Station: This contains a movable chuck that holds the wafer, manipu-

lators to move the probes with micron precision, and a microscope to view the

probes and devices.

Due to the highly sensitive nature of RF measurements, it is crucial to ensure

e�ect of all the cabling and connectors are removed from the measurements. This

is done through RF on-wafer calibration.
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