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Abstract

With mankind’s ever increasing curiosity to explore the unknown, including a variety of
hostile environments where we cannot tread, there exists a need for machines to do
work on our behalf. For applications in the most extreme environments and applications
silicon based electronics cannot function, and there is a requirement for circuits and
sensors to be built from wide band gap materials capable of operation in these domains.
This work addresses the initial development of silicon carbide circuits to monitor
conditions and transmit information from such hostile environments. The
characterisation, simulation and implementation of silicon carbide based circuits

utilising proprietary high temperature passives is explored.

Silicon carbide is a wide band gap semiconductor material with highly suitable
properties for high-power, high frequency and high temperature applications. The
bandgap varies depending on polytype, but the most commonly used polytype 4H, has a
value of 3.265 eV at room temperature, which reduces as the thermal ionization of
electrons from the valence band to the conduction band increases, allowing operation in

ambient up to 600°C.

Whilst silicon carbide allows for the growth of a native oxide, the quality has limitations
and therefore junction field effect transistors (JFETs) have been utilised as the switch in
this work. The characteristics of JFET devices are similar to those of early thermionic
valve technology and their use in circuits is well known. In conjunction with JFETs,
Schottky barrier diodes (SBDs) have been used as both varactors and rectifiers.
Simulation models for high temperature components have been created through their

characterisation of their electrical parameters at elevated temperatures.

The JFETs were characterised at temperatures up to 573K, and values for V,,, S, 4,

IS, RS and junction capacitances were extracted and then used to mathematically
describe the operation of circuits using SPICE. The transconductance of SiC JFETs at
high temperatures has been shown to decrease quadratically indicating a strong
dependence upon carrier mobility in the channel. The channel resistance also decreased
quadratically as a direct result of both electric field and temperature enhanced trap
emission. The JFETs were tested to be operational up to 775K, where they failed due to

delamination of an external passivation layer.



Schottky diodes were characterised up to 573K, across the temperature range and values
for ideality factor, capacitance, series resistance and forward voltage drop were
extracted to mathematically model the devices. The series resistance of a SiC SBD
exhibited a quadratic relationship with temperature indicating that it is dominated by
optical phonon scattering of charge carriers. The observed deviation from a temperature
independent ideality factor is due to the recombination of carriers in the depletion
region affected by both traps and the formation of an interfacial layer at the SiC/metal

interface.

To compliment the silicon carbide active devices utilised in this work, high temperature
passive devices and packaging/circuit boards were developed. Both HfO> and AIN
materials were investigated for use as potential high temperature capacitor dielectrics in
metal-insulator-metal (MIM) capacitor structures. The different thicknesses of HfO»
(60nm and 90nm) and 300nm for AIN and the relevance to fabrication techniques are
examined and their effective capacitor behaviour at high temperature explored. The
HfO> based capacitor structures exhibited high levels of leakage current at temperatures
above 100°C. Along with elevated leakage when subjected to higher electric fields. This
current leakage is due to the thin dielectric and high defect density and essentially turns
the capacitors into high value resistors in the order of MQ. This renders the devices
unsuitable as capacitors in hostile environments at the scales tested. To address this
issue AIN capacitors with a greater dielectric film thickness were fabricated with

reduced leakage currents in comparison even at an electric field of 50MV/cm at 600K.

The work demonstrated the world’s first high temperature wireless sensor node powered
using energy harvesting technology, capable of operation at 573K. The module
demonstrated the world’s first amplitude modulation (AM) and frequency modulation
(FM) communication techniques at high temperature. It also demonstrated a novel high
temperature self oscillating boost converter cable of boosting voltages from a

thermoelectric generator also operating at this temperature.

The AM oscillator operated at a maximum temperature of 553K and at a frequency of
19.4MHz with a signal amplitude 65dB above background noise. Realised from JFETs
and HfO» capacitors, modulation of the output signal was achieved by varying the load
resistance by use of a second SiC JFET. By applying a negative signal voltage of
between -2.5 and -3V, a 50% reduction in the signal amplitude and therefore Amplitude
Modulation was achieved by modulating the power within the oscillator through the use

of this secondary JFET. Temperature drift in the characteristics were also observed,
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with a decrease in oscillation frequency of almost 200 kHz when the temperature
changed from 300K to 573K. This decrease is due to the increase in capacitance density
of the HfO, MIM capacitors and increasing junction capacitances of the JFET used as

the amplifier within the oscillator circuit.

Direct frequency modulation of a SiC Voltage Controlled Oscillator was demonstrated
at a temperature of 573K with a oscillation frequency of 17MHz. Realised from an SiC
JFET, AIN capacitors and a SiC SBD used as a varactor. It was possible to vary the
frequency of oscillations by 100 kHz with an input signal no greater than 1.5V being
applied to the SiC SBD. The effects of temperature drift were more dramatic in
comparison to the AM circuit at 400 kHz over the entire temperature range, a result of
the properties of the AIN film which causes the capacitors to increase in capacitance

density by 10%.

A novel self oscillating boost converter was commissioned using a counter wound
transformer on high temperature ferrite, a SiC JFET and a SiC SBD. Based upon the
operation of a free running blocking oscillator, oscillatory behaviour is a result of the
electric and magnetic variations in the winding of the transformer and the amplification
characteristics of a JFET. It demonstrated the ability to boost an input voltage of 1.3
volts to 3.9 volts at 573K and exhibited an efficiency of 30% at room temperature. The
frequency of operation was highly dependent upon the input voltage due to the
increased current flow through the primary coil portion of the transformer and the
ambient temperature causing an increase in permeability of the ferrite, thus altering the
inductance of both primary and secondary windings. However due its simplicity and its
ability to boost the input voltage by 250% meant it was capable of powering the
transmitters and in conjunction with a Themoelectric Generator so formed the basis for

a self powered high temperature silicon carbide sensor node.

The demonstration of these high temperature circuits provide the initial stages of being
able to produce a high temperature wireless sensor node capable of operation in hostile
environments. Utilising the self oscillating boost converter and a high temperature
Thermoelectric Generator these prototype circuits were showed the ability to harvest
energy from the high temperature ambient and power the silicon carbide circuitry.
Along with appropriate sensor technology it demonstrated the feasibility of being able
to monitor and transmit information from hazardous locations which is currently

unachievable.
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Symbol Table

Barrier Height

Charge of Electron

Permittivity

Boltzmann constant

P-N Grading Coefficient

Forward bias depletion capacitance

Band Gap

Built in potential
Zero bias junction capacitance

Series resistance
Resistivity

Drain current
Transconductance

Turn-off Voltage

Channel length modulation parameter

Transconductance (SPICE)
Gate-Drain Capacitance
Gate-Source Capacitance
Doping Concentration

Seebeck Co-efficient

Electrical conductivity

bi

VJ

cJO
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Chapter 1: Introduction

1.1 Background

Hostile environments surround us, they include those which are man made in the case of
combustion engines, or natural such as the interior of volcanoes or even the surface of other
planets. As electronic circuits have rapidly developed, science has been able to monitor and
shed light on ever more extreme locations. With the emergence of wide bandgap
semiconductors it is now possible to once again shift the boundaries of the monitored world.
These wide bandgap materials are revolutionising electronics. As an example, we can build ultra
bright GaN LED’s providing multi-million dollar savings through reduced energy consumption.
In the power and aerospace industries, SiC can be utilised to provide smaller power modules,
thus saving space and through life costs. In mobile communication systems, GaN transistors can
achieve higher power densities and frequencies than conventional silicon devices, allowing for
our ever hungry data requirements to be met. Ultimately they allow us to build devices which

outperform silicon in a wide range of applications.

One such application, which is becoming more relevant in a number of fields, is that of high
temperature electronics. Due to the bandgap of silicon being 1.12¢V at room temperature, the
thermal generation of electron — hole pairs in the bulk of the silicon devices renders them
inoperable at temperatures above 150°C. In an attempt to combat this, Silicon on Insulator
(SOI) technology has been developed, but even this only operates to 275°C. Wide bandgap
materials such as silicon carbide (SiC) have a significantly larger badgap 3.26eV at room

temperature for the 4H polytype, enabling operation at temperatures over 600°C.

There are multiple locations and processes that can be enhanced through better monitoring and
control, which require the utilisation of high temperature electronics. These include combustion
engines, power generation, jet engines and a variety of industrial processes. High temperature
electronics and sensors also have a potential application in volcano plumes to monitor the
composition of gas species emitted from the volcano and potentially give an early warning of a
potential eruption. Silicon carbide also has the potential to increase our scientific knowledge of
the surface of other planets, such as Venus and Mercury and the magnetosphere of Jupiter. All
of these places share the same problem they are hot, hostile environments where people cannot
survive. As a result any electronics placed there must be self sufficient in terms of power and

include the means of communication for the data to a safer location.

In addition to active silicon carbide devices, all circuits require passive devices to operate.

These passives include resistors, capacitors and inductors. Whilst some commercial devices are




available, these are aimed primarily at the oil and gas/defence industries, where applications are
looking for temperature ratings approaching 300°C. Hence, there is a requirement for research
into both passive components for high temperature operation and suitable packing/printed

circuit boards for high temperature electronics.

This work addresses the initial development of silicon carbide circuits to monitor conditions and
transmit information from such hostile environments. The characterisation, simulation and
implementation of silicon carbide based electronic circuits and their passive component
counterparts are explored with a view to creating high temperature energy harvesting wireless

sensor nodes.

1.2 Silicon Carbide Technology

Silicon carbide (SiC) is wide bandgap semiconducting material with a high breakdown electric
field strength, high saturated electron drift velocity and a thermal conductivity better than
copper at room temperature. These properties make it desirable and suitable for use in high-
power, high-frequency and high temperature applications. An extremely hard substance with a
Young’s modulus of 424 GPa, SiC is chemically inert, reacting very little with any known
material at room temperature. It can be etched using molten KOH at 400-600°C or with reactive
ion etching. Dopants must be implanted or grown into the material as diffusion, the technique
preferred in silicon processing, is impossible within a production environment due to the

extremely high temperatures required and the speed at which diffusion takes place.

The bandgap of silicon carbide depends upon polytype with a value of 3.265 eV in the case of
4H-SiC, which is the most commonly used polytype and is utilised in this work. Due to its wide
bandgap the thermal ionization energy required to move electrons from the valence band to the
conduction band if much greater and as a result silicon carbide is electrically operable at
temperatures above that possible with silicon. Like other semiconductors it is possible to make a
range of devices including diodes, Junction Field Effect Transistors (JFET), Metal
Semiconductor Field Effect Transistor (MESFET), Metal Oxide Semiconductor Field Effect
Transistor (MOSFET), Bipolar Junction Transistor (BJT) for the realisation of electronic
circuits. Whilst the majority of research into SiC has focussed on the requirements of the power
industry, due to the ability to control high levels of energy in small volumes and at higher
frequency, resulting in a cost saving at system level, smaller amounts of research have been

conducted into building signal level devices.

These signal level devices are often lateral in contrast to the vertical structures utilised in power
devices. This allows the integration of a large number of devices on a single SiC die, thus

paving the way for integrated circuits. The potential of integrated circuits shows great promise
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for the future of silicon carbide as a material for high temperature electronics. As these
integrated circuits develop in complexity, digital electronics will increase from the example of
gate and flip-flop structures currently demonstrated into far more complex systems and
ultimately microprocessors capable of operation in extreme environments. Ultimately the
techniques learnt from silicon processing can be transferred to silicon carbide allowing it to be
scaled relatively quickly. There are however issues with native SiO; have to be solved for high
temperature MOSFET’s and the variability of wafer defects and doping profiles are examples of

limiting factors which have impeded it progress.

1.3 Thesis Outline

Chapter 2 presents a review of the current literature in the relevant fields. It described the
unique material properties of silicon carbide with relation to the operation of devices which
have high temperature, high power and high frequency capabilities. The chapter explores the
current technological maturity of silicon carbide, in terms of both the discrete devices which can
be fabricated and are already commercially available and research grade integrated circuits
which have been demonstrated. Insight is provided into the various high temperature passive
devices required for high temperature circuits along with both packaging and circuit board
technologies. The chapter provides an overview of the different power circuits, which can be
easily constructed from silicon carbide components and highlights the importance of oscillator
circuits in electronic systems for wireless communications. Energy harvesting technologies
which are compatible with silicon carbide technology are explored to provide power to silicon
carbide electronics in hostile environments. Finally, integration of these high temperature

components into a working system is considered.

Chapter 3 provides an in depth analysis of silicon carbide active components and high
temperature passives. It explores in detail both the physical and electrical operation of the SiC
components utilised in the construction of the high temperature circuits commissioned in this
work. The chapter demonstrates the characterisation of active silicon carbide components and
how these values are incorporated into mathematical models for utilisation in SPICE to aid in
the simulation and development of high temperature electronics. Also explored are high
temperature passive components, including resistors, capacitors and inductors, and how these

were characterised for use at elevate temperature in hostile environments

Chapter 4 presents an overview of oscillator circuit topologies and describes their functionality.
It focuses on LC oscillator circuits, specifically the Colpitts oscillator and its usage in the
creation of high frequency sine waves specifically for radio frequency purposes. It provides an

in depth description of the Colpitts oscillator operation and how it can be modelled using



negative resistance theory. The results presented in this chapter demonstrate the world’s first
Amplitude Modulation (AM), Frequency Modulation (FM) and Voltage Controlled Oscillator
(VCO) circuitry built from silicon carbide and high temperature passive components operating
at high temperatures. These circuits provide the basis for communications from a silicon carbide
wireless sensor node within a hostile environment and provide the functionality to transmit data

to a safer location for dissemination.

Chapter 5 presents an overview of the challenges faced in powering a high temperature wireless
sensor node in a hostile environment. It explores the usage of high temperature energy
harvesting solutions as an alternative to the equally immature high temperature battery
technologies. The chapter concentrates on thermoelectric generators as the choice of energy
harvest as there is often an excess ambient thermal energy in high temperature environments
provided there is a temperature gradient. The theories of the main power circuit topologies are
explored and their operation explained. A novel self oscillating SiC boost converter topology is
presented which is able to boost the voltage levels of low voltage - high current sources such as
thermoelectric generators and photovoltaic cells. The boost converter is demonstrated to be
operational at high temperatures and capable of boost low voltages to those required to power a

SiC wireless sensor node.

Chapter 6 presents the conclusions drawn from this research; it explores possible avenues for
future work and the great potential that silicon carbide technology presents in the area of high

temperature electronics.



Chapter 2: Literature Review

2.1 Introduction

Hostile environment is a generic term used to describe locations that could be dangerous or even
lethal to humans. In some cases, scientific observations and measurements of these
environments are lacking due to their hazardous nature. Despite these facts, hostile
environments are common place and pervade our everyday lives. Examples of such can be
commonplace such as automotive combustion engines or can be much more exotic such as
space applications or exploration of foreign planets. Generally the term hostile environment is

applied to locations of extreme temperature range and/or elevated radiation flux.

Following the invention of the transistor and subsequent rapid advancement in electronics that
has followed, humans have been able to shed light on ever more dangerous territory. However
silicon (Si) technology has its limitations, and in recent years we have seen the emergence of
new wide band gap semiconductors, capable of deployment in areas and conditions which
would cause silicon electronics to fail. In addition to research and development of these new
wide band gap materials capable of such tasks, there has been a drive in the development of self
powered electronics eliminating the requirements of wires or batteries. These two distinct areas
of research converge to allow the creation of self powered sensor nodes for use in hostile

environments.

2.2 Silicon Carbide Properties

Silicon carbide (SiC) is wide bandgap semiconducting material with a high breakdown electric
field strength, high saturated drift velocity of electrons and a high thermal conductivity. These
properties make it suitable for use in high-power, high-frequency and high temperature

applications.

An extremely hard substance with a Young’s modulus of 424 GPa, SiC is chemically inert
reacting very little with any known material at room temperature[ 1]. It can be etched using
molten KOH at 400-600°C or with reactive ion etching. Dopants must be implanted or grown

into the material as diffusion is practically impossible.

The bandgap depends upon polytype with a value of 3.265 eV at room temperature in the case
of 4H-SiC, which is the most commonly used variant and is utilised in this work [2]. Due to its
wide bandgap, thermal ionization of electrons from the valence band to the conduction band,
which limits the overall highest electronically operable temperature of a semiconductor, doesn’t
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occur until far greater temperatures than silicon and is therefore suitable for these hostile

applications.

In the case of power applications, SiC boasts high breakdown electric field strength £___ . This
property determines the largest electric field the material can be subjected to before catastrophic
breakdown occurs. E_, is typically quoted as roughly 2MV/cm close to ten times that of

silicon.[3] SiC also exhibits a saturation drift velocity twice that of silicon, with a value of 2 x
107cm/sec. [4, 5]. This is extremely advantageous in order to obtain high channel currents for

microwave devices and therefore SiC is an ideal material for high-gain solid-state devices.

Important to both power and high frequency devices, SiC also has a thermal conductivity of
5W/(cm-K) which is higher than copper at room temperature [6,7]. As an increase in device
temperature results in a decrease in carrier mobility which degrades device performance and so
the heat generated through resistive losses must be conducted into packaging away from the

device.

Direct attempts to summarize the importance of material properties to enable comparisons
between materials for high-frequency and high power applications have resulted in three distinct

figures of merit.

The Johnson Figure of Merit (JFOM) considers the potential power handling and high
frequency capability of a device and takes into account the critical field strength and saturated

drift velocity. [8]

2.1

Where £, and v, are the breakdown field strength and saturated drift velocity respectively.

The Keyes Figure of Merit (KFOM) which addresses JFOM’s inability to take the materials

thermal properties into account. [9]

cvSat

KFOM =k 2.2

dre

Where &k, ¢ and ¢ are the thermal conductivity, the speed of light in a vacuum, and the

dielectric constant respectively.

Finally due to neither of these equations being particularly accurate for power devices, the

Baliga Figure of Merit (BFOM) was proposed for low frequency applications. [10]

BFOM = guE,’ 2.3



Where yis the carrier low-field mobility. To indicate SiC’s potential the two most common SiC

polytypes are compared with Si and GaAs in the table below with all values normalised to Si.

(3]

Material | JFOM | KFOM | BFOM
Si 1 1 1
GaAS 9 0.41 22
6H-SiC | 900 5 920
4H-SiC | 1640 59 1840

2.3 Silicon Carbide Devices

SiC can be doped by both ion implanted and/or grown with both n and p type dopants, and due
to the possibility of native oxide growth, like silicon a range of electronic devices can be
fabricated from this semiconducting material. As described in section 2.1 the superior properties
of SiC in comparison to Si has resulted in the majority of the literature to concentrate on power
devices. In this work small scale test power devices were utilised as small signal devices which

are operational at elevated temperatures.

Firstly we will consider metal-semiconductor devices namely the Schottky barrier diode (SBD)
and Metal-Semiconductor Field Effect Transistor (MESFET), before moving through p-n
barrier devices such as the pn diode, JFET and Bipolar Junction Transistor (BJT) and
concluding with the less mature oxide technologies of the Metal Oxide Semiconductor Field

Effect Transistor (MOSFET).

2.3.1 Schottky Diodes

The SiC Schottky barrier diode (SBD) was the first commercially available SiC power
semiconductor device. Arguably they are also one of the first semiconductor devices fabricated

known as point rectifiers or cat whiskers [11].

The main advantage of Schottky diodes is the elimination of reverse recovery charge (Q,. ) that

is the dominant cause of the switching losses in bipolar Silicon PiN power diodes. Schottky

diodes are majority carrier devices hence they do not require a reverse recovery current to
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discharge the minority carriers in the depletion region. SiC SBDs outperform their Si

counterparts by providing lower on-resistance and significant reduction in switching time. Due
to the high £ . of SiC it is possible to fabricate power devices with high maximum blocking

voltages suitable for use in the power applications [3].

Minimised switching and conduction power losses are required in high performance power
converter applications. To reduce the conduction loss of the power Schottky diode without
compromising the device blocking voltage, the Schottky barrier height can be reduced by
utilising different metal semiconductor junctions. This, however, causes higher leakage currents
during the reverse bias of the power diode. Currently commercial SiC Schottky diodes are
available from a number of manufacturers including Cree, Infineon, Microsemi, IXY'S, Rohm

and STMicroelectronics.
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Figure 2.1 Schematic of a Schottky Barrier Diode

2.3.2 SiC MESFET

Another common device using the metal-semiconductor junction is the MESFET. MESFETs
are usually constructed in compound semiconductor technologies lacking high quality surface
passivation, although SiC has the ability to grow a native SiO; its quality although improving,

has its limitations particularly at high temperature.

MESFETs offer processing and performance advantages over the JFET. The process of
fabricating metal gates can be achieved at lower temperatures in comparison to a p-n junction
implantation anneal sequence and offers the potential to define short channel lengths for high
speed applications. The low gate resistance and low IR drop along the channel width is a big
factor in microwave performance such as noise and maximum frequency of oscillation (fmax). As
a result they are commonly employed in high frequency, high power applications such as

RADAR and satellite communications. [3]



Gate

Source

Semi-insulating SiC

Figure 2.2 Schematic structure of a MESFET

2.3.3 SiC pin diode

As silicon carbide allows for both the ion implantation and introduction of dopants during
crystal growth, it is possible to fabricate devices incorporating p-n junctions. The simplest of
these devices is the p-n junction diode. In contrast to SBDs which exhibit ultra high speed
characteristics p-n junction diodes are minority carrier devices and therefore have a greater
reverse recovery time. Diodes based on pn junctions can also be used as light emitting diode’s
(LEDs), which allows for optical based communications, and can also be used as UV

photovoltaic cells, thus allowing energy harvesting from UV light. [Ref]
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Figure 2.3 Schematic of PiN diode

2.3.4 SiC JFET

By utilising the properties of p-n junctions it is possible to fabricate a variety of different

electrical devices the two of main importance are the JFET and BJT. JFETs have similar
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characteristics to MESFETSs and are discussed more thoroughly in chapter 3. Their advantage
over metal-semiconductor technology is a more robust junction resulting in higher breakdown
and power handling capabilities. Due to issues with traps and poor quality metal oxide interface
the junction of a JFET is simpler to fabricate than an equivalent MOSFET in SiC technology. In
SiC it is possible to fabricate both normally on (depletion mode) and normally off (enhancement
mode) JFETSs. p-type depletion mode JFET have also been demonstrated but suffer due to the
poor hole mobility in p-type SiC. [12]

Both vertical power and lateral signal level devices have been demonstrated in the literature and
remain operational to high temperatures with high reliability [13]. JFETs were the first
commercially available switching device fabricated from SiC and are now offered by multiple
companies. Whilst Normally-off JFET’s are desirable for simplicity of design in switching
circuits for power electronics; normally-on JFETs have their advantages in a range of

applications, including energy harvesting applications, as discussed in chapter 5.

Figure 2.4. Schematic structure of a JFET

2.3.5 SiCBJT

The Bipolar Junction Transistor (BJT) is named because their operation involves both electrons
the majority charge carriers in n-type semiconductor and holes the majority carriers in p-type
semiconductor. Alternative structures either p-n-p or n-p-n are available and charge flow in

these devices is due to diffusion of charge carriers across this junction.
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Figure 2.5. Schematic cross section of a BJT

The BIJT, although losing favour to Complementary Metal Oxide Semiconductor (CMOS)
technology in recent years, remains a device that excels in some applications due to its high
transconductance and output resistance in comparison to MOSFETS, specifically its use in high

frequency applications such as radio frequency circuits for wireless systems.

Although commercially available, SiC BJTs suffer from low gain in comparison to their Si
counterparts and p-type SiC has a low hole mobility. Despite these short comings, BJTs offer a
robust technology for high temperature by avoiding the associated problems with oxide

reliability. [14]

2.3.6 MOSFETs

Power MOSFETs fabricated from SiC are also now commercially available [15]. However their
use for high temperature applications is limited due to the problems encountered with oxide

quality and reliability under these conditions.

Source
Insulator l metallization
-' | g
I n-typa n-typa |
p-type p-type |
n-lypa (light doping)
n-type
*
l metallization
Drain

Figure 2.6. Schematic diagram of a MOSFET
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When a voltage is applied to the gate of a MOSFET with reference to the Source, of sufficient
magnitude to switch the device an inversion layer is created beneath the gate connecting the

drain and source through which current is able to flow.

The MOSFET is the most important device for the realisation of high-density integrated circuits
such as microprocessors and semiconductor memories. Both JFET and MOSFETSs have
significantly higher input impedance than BJT’s this allows them to be utilised in the standard
microwave systems. Because there is no forward biased p-n junctions, MOSFETSs do not suffer
from minority-carrier storage and as a result have higher switching speeds then devices which
require minority carriers. In addition the devices are square law or linear devices (discussed in
chapter 3) and as a result intermodulation and cross-modulation products are smaller than those

of BJTs.

2.4 High Temperature Passives

In addition to active SiC devices high temperature circuits also require passive components and
high temperature packaging/circuit boards. This section gives a brief overview as

characterisation of such devices is covered in chapter 3.

2.4.1 High Temperature Resistors

High temperature resistors can either be fabricated directly out of a semiconducting material
thus allowing them to be on-chip creating highly integrated circuits or they can be stand alone

discrete components.

In the case of integrated components the most commonly used method for creating SiC resistors
on chip is through the process of ion implantation. By doping a semiconductor with an impurity
opposite to that of the native substrate it is possible to control the resistance. Examples of this

are available in the literature in both in Si technology and SiC. [16, 17]

The advantages of on chip resistors allows for both a smaller circuit footprint, approaching that
possible in Si technology, but also allows for the temperature coefficient of resistors to match
the active devices on the same die. [17] There are disadvantages to intergrated resistors which
include using space on the die, and also heating. Resistors can also be fabricated from pure
metallic wires with a known temperature coefficient. Metal film resistors possess good noise
characteristics and low non-linearity due to a low voltage coefficient and also demonstrate a

small tolerance, temperature coefficient and good stability. [18]
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In addition to metal films, resistors can also be fabricated from metal oxides. Metal oxide
resistors such as those fabricated from tin oxide are capable of high temperature operation and

provide a higher level of reliability and stability in such applications. [19]

2.4.2 High Temperature Capacitors

Arguably the most complex and difficult component to fabricate for high temperature
applications is the capacitor. Simple small radio frequency (RF) capacitors can be fabricated

directly on chip/circuit board by utilising an interleaved comb structure. [20]

To create larger capacitors a dielectric is required to be sandwiched between two capacitor
plates thus creating a parallel plate capacitor. Much literature can be found surrounding metal
insulator metal (MIM) capacitors for their usage in numerous applications and multiple methods

of fabrication have been investigated. [21]

I

Ingulator —

Silicon Carbide

Figure 2.7 Schematic of a Metal-Insulator-Metal capacitor

The main complexities that plague high temperature capacitors are both the leakage current and
defects along with the relative dielectric constant of the insulator. To reduce a capacitor’s
physical dimensions whilst maintaining its electrical value the thickness of the insulating layer
must be reduced. However this reduction in insulator thickness results in increased leakage
currents which can arise from multiple mechanisms. These include transmission of leakage

current along grain boundaries, carbon contamination, and pin hole defects.

Another method of increasing capacitance is by altering the insulator material. Hafnium Oxide
HfO, for example is a high-k dielectric which allows the use of thicker layers whilst
maintaining capacitance density. This material exhibits excellent thermal stability and shows

great promise for high temperature capacitor applications. [22]



2.4.3 High Temperature Inductors

Perhaps the most simple of the passive devices is the high temperature inductor. Small RF
inductors can be fabricated in multiple shapes out off metallic tracks on a circuit board as

described in chapter 3 and the literature. [23]

Higher inductances become more problematic at higher temperatures due to them generally
requiring a ferrite core. There are multiple examples of ferrite materials to be found in the
literature and commercially available ferrites with high curie temperatures are also available.

[24]

It is difficult to control the inductance of such high temperature inductors due to the changes in
ferrite material permeability with temperature. In this work a high Curie temperature ferrite
from Ferrox Cube was employed as its curie temperature was stated as approximately 350°C. At
higher temperatures still there is also nano-grain materials which demonstrate higher curie

points. [25]

2.4.4 Packaging and Circuit Boards

At high temperatures parasitic resistance becomes of greater concern as does a specific metals
tendency to oxidise or diffuse. As a result precious metals such as gold have to be utilised as
they do not oxidise with high temperature [26]. In this work the passive devices had gold

contacts, the wire bonds were also gold along with circuit board traces and IC packaging.

Fabrication of circuit boards for high temperature can be expensive if utilising gold for such
temperature extremes and therefore electroplating of gold was employed to thicken tracks and
thus lower their parasitic resistance. Electroplated gold can also be utilised to plate cheaper

metals to provide a passive high temperature barrier.

2.5 Silicon Carbide Circuits

2.5.1 Power Circuits

Due to the superior properties of silicon carbide in comparison to silicon as described in section
2.1, the majority of research surrounding SiC is aimed at the power electronics industry where
savings can be made by utilising SiC technology to increase efficiency and reduce losses along

with reducing overall space requirements.

The main area of research surrounding the use of silicon carbide components within the

literature is the application of SiC devices within power converter circuits, specifically DC-DC
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converters. The definition of a DC-DC converter is a circuit which converters a DC current to
either a higher or lower voltage. Typical DC-DC converters consist of a diode, a switching
element and a magnetic storage component (inductor). Multiple topologies exist however they
are all based on the basic three traditional technologies. The three fundamental DC-DC

converter topologies are the Buck, Boost and Buck-Boost converters.

The buck (step-down) converter is a DC-DC converter that regulates the output voltage to a
lower level than its input voltage. As shown in figure 2.8, the current through the inductor
increases when the switch is in the on-state. When the switch is closed, the diode conducts and
the inductor current decreases as the stored energy in the output inductor drops. As the output
inductor reduces the output current ripple, the output capacitor directly limits the ripple in the

output voltage. The output voltage of the buck converter is calculated using equation 2.4.

V, =2V, =DV, 2.4

Where T = %f the switching period, £, is the switch on-state time, and D = Lon T is the duty

cycle.

Figure 2.8. Buck Converter topology

The boost (step-up) converter is a DC-DC converter that regulates the output voltage at a level
greater than the input voltage. The energy stored in the input inductor increases when the switch
is in the on-state. When the switch is off, the diode conducts and the current flows from the
input-source through the inductor to the load. The input voltage source in series with the input
inductor behaves like a current source. As both the discharge-current in the inductor and the
input voltage source are supplying the load during the switch off-state, the voltage across the
load is larger than the input voltage alone. As there is no inductor in the output, the output

capacitor needs to be sufficiently large to reduce the output voltage ripple and maintain a
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constant output voltage [27]. The boost converter topology is shown in figure 2.9 and its output

voltage can be calculated using equation 2.5.

Figure 2.9. Boost converter topology

v, v, = v 2.5

The buck-boost converter is a DC-DC converter that can regulate the output voltage at a level
lower or greater than the input voltage. Here, depending on the duty cycle, the converter can act
as a boost or buck converter. When the switch is off, the diode conducts and the inductor limits
the output current ripple. The output capacitor can directly limit the output voltage ripple similar
to the buck converter. The output voltage polarity in the buck-boost converter is the opposite of
that of the input voltage. This topology is shown in figure 2.10 and its output voltage can be

calculated using equation 2.6.

t
V=2, =V, 2.6

As can be seen from the data in figures 2.8 — 2.10, power circuits can be commissioned from

commercially available components, hence the abundance of literature surrounding the
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properties of these topologies. However the majority of the literature focuses upon efficiency at
room temperature and the potential of silicon carbide circuits to operate at higher temperatures
have been under investigated [28]. One feature of all of the topologies described in this thesis is
they require some form of switch waveform to operate as converters. This important aspect is
often overlooked in high temperature applications and it is obvious that circuitry to produce this

waveform must also be able to operate at elevated temperatures.

2.5.2 Signal level circuits

In contrast to the interest in SiC power devices, there has been significantly less focus on signal
level SiC devices for use in high temperature environments. These should not be overlooked as
they play an important role alongside their high current counterparts in the construction of
completely stand alone operational SiC circuits. The majority of research conducted in this area
has been by the NASA Glenn research centre and has utilised the also common polytype 6H as
opposed to 4H utilised in this work. Most signal level devices are lateral channel devices as
opposed the vertical channel devices commonly employed for power applications. This allows
multiple devices to be placed and connected on a single SiC die a step towards more complex
integrated circuit applications. [29] Further work in this area has also seen the emergence of the

first integrated operational amplifier. [17]
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Figure 2.11 Silicon carbide lateral signal JFET [30]
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The devices shown in the above figure 2.11 were shown to operate reliably at S00°C, and they
were utilised to demonstrate simple logic gate configurations and also amplifier structures
which pave the way for both more complex analogue and digital integrated circuits. The devices

durability is down to the numerous protective oxides protecting the surface of the JFET.

2.6 Silicon Carbide Integrated Circuits

Recent reports in the literature have reported the initial development towards Integrated circuits
(IC) on SiC substrates utilising JFET, MOSFET and MESFET devices. Multiple structures have
been demonstrated including both digital logic and analogue amplifiers. Whilst p-type SiC
remains problematic due to its low hole mobility, the literature shows that it is possible to
fabricate CMOS from silicon carbide and due to the advances and lessons learnt through silicon

processing IC technology fabricated solely from SiC may be in the not too distant future. [31]
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Figure 2.12 Circuit schematics of (a) JFET inverter, (b) JFET NAND gate, (c) JFET NOR

gate. [31]

Shown in figure 2.12 are examples of basic JFET logic circuits utilising an active load topology
popular in early silicon NMOS technology dating back to the early 1980°s. The absence of p-

type material allows for higher device performance. [32]
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Similar structures have been demonstrated in MESFET technology [33] and also CMOS
MOSFET technology [34]. In the case of CMOS technology more complex structures were
designed and fabricated utilising the simple gate structures to create both flip-flops and ring

oscillators.
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Figure 2.13 Schematic of a SiC CMOS ring oscillator [34].

The early illustrations of digital electronics fabricated from SiC indicates that more complex
circuitry such as microprocessors and other advanced systems could eventually be fabricated

from SiC allowing for complex electronics capable of operation in hostile environments.

Along with digital electronics there have also been examples of integrated analogue electronics
such as amplifier structures which would allow for more robust signal conditioning and

collection from sensors. [17]

19



Currentsource load  Vpp Resistor load

|
jﬂ"— A’E’? | Res %RM
Riq SRz {n: ——
" N T
|

R1a

l—\‘m;

i
Vss  ttAmplification Stage |
ource Follower

;
2" Amplification S
Stage

Figure 2.14 Integrated SiC JFET based two stage differential amplifier [17]

Shown in figure 2.14 is a two stage differential amplifier, both JFETs and integrated resistors
were fabricated on the same silicon carbide die. The amplifier was operational up to 576°C with

a gain of 69 dB and a bandwidth of 1.4 MHz [17]

The area of SiC integrated electronics although still in its infancy shows great promise at
yielding fully operational IC’s in the near future which will allow more complex monitoring of
ever increasingly hostile environments. Whilst this thesis presents novel applications of both
high temperature communications and energy harvesting technologies, signal conditioning of

sensors remains a key area to be further investigated.

2.7 Silicon Carbide Based Oscillators

Oscillators are fundamental to many electronic circuits, they are utilised in switch mode power
applications, RF applications and clock generation for digital electronics. There are multiple
types of oscillator depending upon required frequency and application however the topic of high
temperature oscillators constructed from silicon carbide is an area which is under researched,

with only a handful of groups investigating this topic.

RC oscillators such as the Phase shift and Astable can be fabricated from silicon carbide JFET’s

however maximum oscillating frequencies of such oscillators tends to be of lower frequency
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and for higher frequency oscillations used in RF transmission LC and Crystal oscillators are

used instead.

Oscillators generally consist of a parallel inductive and capacitive (LC) network called a tank
circuit, an active amplifying device and a power source. The combination of an ideal LC circuit
with no losses would see electrical power continuously exchanged between the inductive and

capacitive elements at their combined resonant frequency given by

1
f=—F 2.7
2z LC
In real circuits there are always loses and the need for an amplifing device is required to sustain

the oscillations. In the case of high temperature circuits this can be any form of SiC amplifying

transistor or a negative resistance device such as an IMPATT diode.

There are multiple types of oscillator but the main ones to consider are the Hartley, Colpitts, and
negative resistance oscillator these along with others are discussed in further depth in chapter 4

but are shown in figure 2.15.
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Figure 2.15. (a) Hartley Oscillator. (b) Colpitts Oscillator (c) Negative resistance oscillator

Numerous variations of oscillators can be constructed from these three main types. The
literature is abundant with numerous examples of oscillators dating back to thermionic valve

theory [35].

Impact-ionization-avalanche-transit-time (IMPATT) diodes are an example of negative
resistance oscillators. IMPATT diodes are able to transmit power at millimetre-wave
frequencies, and are widely used in ultra high frequency transmitters such as those employed in

radar and communication systems. [36]
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The peak output power of an IMPATT diode at a given frequency is limited by its underlying
material properties. Due to SiC’s high breakdown field and high electron saturation velocity the
peak power capability of the SiC IMPATT diode is expected to be at least two orders of
magnitude higher than the existing silicon and gallium arsenide IMPATT diodes [37].

Also discussed previously was the potential RF capability of MESFET technology the most
prominent examples in the literature include a 1GHz SiC Clapp oscillator which is a variant of
the Colpitts family, a cross coupled MESFET oscillator which operated up to 450°C, and
30MHz and 90MHz MESFET Clapp oscillators which operated at 450°C and 470°C
respectively. All of the above operated with commercially available Cree MESFET transistors

[38, 39, 40].

There is little information in the literature regarding crystal based oscillators despite SiO, being
operable at elevated temperature. Crystal oscillators such as the Pierce oscillator have great
frequency stability with temperature variation. Temperature variation specifically the variation

in component values and hence the operating frequency of oscillation is also under reported.

In this work we demonstrate three types of high temperature oscillator. Two are based on a
common Colpitts oscillator topology designed specifically with high temperature RF
communications in mind whilst the other is based on a blocking oscillator for power
applications. Furthermore we effectively demonstrate Amplitude modulation (AM) and

Frequency modulation (FM) techniques for the first time at high temperature. [41, 42]

In the case of the FM oscillator, it was direct frequency modulation and can also be considered
an example of a high frequency voltage controlled oscillator which could be used not only to
transmit data through FM modulation but also as a technique to stabilize frequency over varying

temperatures.

2.8 Hostile Environment Energy Harvesting

Energy harvesting is an area of research gaining much attention for standard silicon electronics
as the advantages of not having to replace batteries in devices is appealing in many applications.
In the case of hostile environments energy harvesting is a prerequisite as it is simply not
possible to replace batteries. There are multiple types and methods of harvesting electrical
energy depending upon the ambient source this energy must then be stored in some form of

medium whether it be a battery or capacitor technology.
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2.8.1 Harvesting Energy from Light

Perhaps the most mature energy harvesting technique is the use of photovoltaic cells. Whilst
usually produced from silicon and other low temperature semiconductor materials for
converting light in the visible spectrum. It is possible to fabricate photovoltaic cells from SiC

which would enable high temperature operation.

TCO (Transparent Conducting Oxide)

N SiC Layer

P SiC Layer

Metallic Back Contact

Figure 2.16. Cross sectional schematic of a photovoltaic cell

As shown in figure 2.16, ultra violet light striking the cell raises the energy level of electrons
and frees them from their atomic shells. The electric field at the pn junction drives the electrons
into the n region while the positively charged holes are driven to the p region. A metal grid or
Transparent conducting oxide on the surface of the cell collects the electrons while a metal

back-plate collects the positive charges.

Reported in the literature is SiC’s ability to harvest ultra violet light, whilst significantly less
efficient than its silicon counterparts due to defects and limitations in current wafer quality it

has been shown that it is capable of effectively harvesting energy at elevated temperatures. [43]

2.8.2 Harvesting Energy from Heat

Converting waste heat into electrical energy is also a well known method of power generation.
As SiC devices are capable of high temperature operation, this may be the most prudent

technology and is therefore further discussed in Chapter 5.

Thermoelectric generators (TEG’s)like photovoltaic cells are manufactured from n and p type

semiconductors as shown in figure 2.17.
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Figure 2.17. Schematic of a thermoelectric generator

TEG’s are explained more thoroughly in chapter 3 and convert a heat gradient across a device

into electrical power which can then be utilised by circuitry. [44]

2.8.3 Harvesting Energy from Vibration

The last example of energy harvesting we consider is vibration. Mechanical vibrations can be
converted to electrical energy through the use of either high temperature piezoelectric material
such as lead zirconate titanate (PZT) or mechanical systems employing high temperature

magnets and coils of wire.

It has been shown in the literature the PZT can effectively harvest energy at 300°C [45],
however magnitude of power the addition complexity of energy management circuits currently

make SiC and piezoelectric energy harvesting incompatible.

2.8.4 Energy Storage

Energy storage plays an important role in energy harvesting systems. Often the magnitude of
energy available from the ambient source is insufficient to continuously power the electronics or

power is intermittent and must be stored for periodic use.

Whilst batteries for such high temperature do exist they have their limitations and dangers
including limited operation temperature range and materials which may be susceptible to

atmospheric attack. [46]

An alternative is capacitor technology for use as energy storage. [47] However at this stage
there simply does not exist a technology mature enough to provide capacitors with a large

enough energy density and this remains a field in which more research is required.
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2.8.5 Energy Management Circuits

Each of the discussed forms of energy harvesting technologies discussed in this section require
their own specific energy management circuits. Discussed in chapter 4 is a novel boost
converter for use with low voltage high current sources such as photovoltaic’s and TEG’s. But
Piezoelectric and electromagnetic source provide magnitudes of power which are too low to be
efficiently managed by current SiC Technology. Currently there exists no literature in the realm

of self powered energy harvesting silicon carbide sensor nodes.

2.9 Integration Challenges

As discussed SiC wireless sensor nodes face substantial challenges ranging from energy
harvesting to fabricating devices and circuits capable of operation in such extreme
environments. Another important aspect to be considered is the integration of the various
electronic components whether discrete or ICs are used circuit boards and packaging must be

commissioned which is able to with stand these hostile environments.

Signal Sensor
Communications Conditioning  Module

Wireless / optical </A , / /

Transmission

Energy Harvesting

Figure 2.20. Illustration of integrated components wireless sensor node.

As shown in figure 2.20, there are multiple parts which are currently researched individually
that are required in the commissioning of a high temperature wireless sensor node. These

include energy harvesting, power regulation and conversion, sensors, analogue/digital signal
conditioning, communication circuitry and a means of transmitting this information to a safe

location.

With regards to packaging and PCBs a high temperature insulating material must be used the
most popular being AIN and Al,O3; which are both stable at high temperatures. For PCB
interconnects gold seems the most appropriate metal to be used as it is none reactive in most
environments, has good conduction characteristics, and a high melting point and a well known

change in resistance with temperature. Gold however is an expensive and traditional methods
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employed to etch excess copper from PCBs is not a viable option electrochemical deposition or
printing of gold followed by an appropriate anneal stage are far less wasteful and therefore

appear to be promising alternatives.

Commissioning a high temperature wireless sensor node requires high temperature compatible
sensors, multiple examples of SiC sensors can be found in the literature [48], but can be
separated into three main types Micro Electrical Mechanical (MEM) sensors, diode sensors and

capacitor sensors.

2.9.1 MEMs Sensors

Micro Electrical Mechanical sensors include accelerometers and pressure sensors, they are
miniature mechanical devices which must be fabricated by etching and or machining processes.
In the case of silicon carbide this can be extremely costly due to its material properties and lack
of suitable etches, therefore sensors made from silicon carbide must provide advantages over

other substrates, one such advantage is their ability to operate at much higher temperatures.

A

T 2

N-Type $H-SiC
Substrate

Fy Petype 6H-SiC etch-stop epilayer

EZZZ] N-type 6H-SiC piezoresistors
Ti/TiN/Pt metallization

= Si0,

Figure 2.18 Example of a SiC pressure sensor [49]

Show in Figure 2.18. is an example of a SiC pressure sensor, it is essentially a diaphragm which
bends 6H-SiC peizoresistors to generate a voltage dependent upon the pressure. This example
produced a sensor voltage of up to 50mV at room temperature and was operational up to 600°C.

[49]

2.9.2 Diode Sensor

SiC diode structures have been effectively demonstrated as both gas sensors and optical sensors.
In the case of gas sensing Schottky Barrier Diodes with a catalytic metal contact have been
investigated, they are of particular interest due to the simpler electronics needed to monitor the

effective leakage current and thus determine gas concentration. The literature reports that both
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Pd and Pt Schottky diodes can effectively be used to detect both methane and hydrogen with an

increased efficiency at higher temperatures. [50]

Silicon carbide diodes have also been demonstrated as both Ultra Violet (UV) and X-ray
detectors. In the case of UV detectors silicon carbide p-n junctions can be fabricated which are
only sensitive to radiation with a wavelength below 365 nm and are often referred to as visibly
blind as are unaffected by visible light wavelengths. UV diodes can be used to detect fire and

spark events along with various other scientific uses.

Traditional solid-state x-ray detectors, such as silicon and germanium, are cooled, often to 77 K
in order to reduce their noise for use in energy spectroscopy [51]. In contrast wide bandgap
semiconductor materials, such as silicon carbide, do not require cooling for their operation.
Silicon carbide offers a number of advantages, namely, in the provision of semiconductor
fabrication technologies, such as epitaxial growth and commercial wafer supplies, which will be

critical for the fabrication of multi-pixel arrays. [52]

2.9.3 Capacitive Sensors

Metal-Insulator—SiC (MISiC) devices offer a versatile fabrication structure in which both the
catalytic metal and the insulating material can be specifically chosen to be responsive to various

gaseous species.

H,,C,H,,CO,0; H,0,C0, H,,C,H,, NH3, O, H

N N /mz

OC HO HHC

H*I l| L| + 1-10nm 5.02 i
TaxSH, , T
Si0, SiC
Sic
(b)
W’—\

(2)

Figure 2.19 (a) Schematic picture of an MISiC device with a dense catalytic metal gate. (b)

A porous catalytic metal gate structure. [3]
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There has been a great deal of research into gas sensors utilising silicon carbide as they can be
operated in extreme environments such as exhaust flumes’, combustion engines, and other high
temperature environments. They have been shown to effectively detect hydrogen and hydrogen
containing species, along with ammonia and oxygen. Arrays of capacitor structures with
varying catalytic metals and alternative insulating layers can be fabricated for detecting a range
of various gases on a single die. Along with the appropriate analogue and digital electronics also
discussed previously the electronic noses allow for a better understanding of the nature of

certain hostile environments.

The circuitry needed to condition the signals from these sensors is an area under investigation as
indicated by sections 2.4 and 2.5 appropriate signal level devices and IC’s are beginning to
emerge. Powering a silicon carbide sensor node is also a challenge and the basic circuit
topologies and energy harvesting technologies are explored in sections 2.5 and 2.8. The
transmission of information to a safe location requires oscillators for either wireless or optical
communications and these are explored in section 2.7. Ultimately whilst there has been
individual research in each of these areas the challenges faced in combining the different
circuitry into a final module have not been addressed and require future research and

development.

2.10 Conclusions

This chapter has given an overview of silicon carbide properties and current silicon carbide
technology, along with the complimentary high temperature passive devices and packaging
required to commission high temperature circuitry for hostile environments. It has outlined the
current research ongoing in the field of both power devices and circuitry with a bias

concentrating on lower power signal level devices and IC’s.

The literature has shown that it is possible to fabricate both high temperature analogue and
digital circuitry whether from discrete devices and associated high temperature passives but also
indicated that there is a drive towards the integration of such devices into SiC IC’s. It has also
reported upon the various sensor technologies which can also be fabricated from SiC and able to

operate alongside their electronic counterparts.

Also investigated was the use of energy harvesting technologies for use in extreme
environments allowing for perpetual measurements to be taken with no need for high
temperature battery technology this allows for wireless sensor nodes to be placed permanently

in hostile environments.
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The literature reviewed in this work forms the background for the research conducted in the rest
of this thesis. The advancements in silicon carbide along with passive and packaging
technologies have been considered with a view to commissioning a prototype high temperature

wireless sensor node.
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Chapter 3: Silicon Carbide Electronic Devices

3.1 Introduction

Chapter 2 discussed the advantages of silicon carbide components over silicon in extreme
applications, particularly those which involve elevated temperatures. In this chapter the discrete
component technologies required to commission circuits capable of operating in hostile
environments will be discussed. This chapter considers both the silicon carbide components

and high temperature passives required to realise analogue circuits.

3.2 Experimental

The Schottky diode is named after German physicist Walter H. Schottky. Far from being a new
technology, primitive SiC Schottky diodes were extensively used by commercial and military
entities in the early days of wireless transmission in the form of cat’s whisker detectors; which
are also known as point contact rectifiers [1]. When a metal is placed in contact with any
semiconductor, a potential barrier is formed at the interface between the metal and the
semiconductor. This barrier is responsible for controlling both the current conduction, as well as
the capacitance behaviour. In this section the basic energy-band diagrams leading to the

formation of this barrier will be considered, as will the effects which can modify its value.

The current conduction and capacitance behaviour of Schottky diodes at higher temperatures
must be considered when creating high temperature circuits. The ability of a diode to conduct
current in a single direction plays an important role in numerous types of circuit, but particularly
switch mode power supplies, whereas the capacitance behaviour is of importance in variable
voltage tuning circuits, such as oscillators. Examples of such circuits will be demonstrated and

analysed in the latter parts of the thesis.

3.2.1 The ideal diode

Figure 3.1(A) shows the electronic energy levels of a high work-function metal and n-type
semiconductor separated by a vacuum. If the two are connected together, by an external wire for
example, then charge will flow from the semiconductor to the metal and thermal equilibrium
will be established as shown in figure 3.1(B). The Fermi levels on both sides will align and as a
result the Fermi level in the semiconductor is lowered by an equal amount to the difference

between the two work functions.
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Figure 3.1 Energy-band diagrams of metal semiconductor contacts [12]

The work function in a material is the energy difference between the vacuum level and the

Fermi level. It is denoted by g¢, for the metal, and is equal to ¢ (x -9, ) in the semiconductor,
where gx is the electron affinity and measured from the bottom of the conduction band, £, to

the vacuum level, and g¢, is the energy difference between E, and the Fermi level. The
contact potential is defined as the potential difference between the two work functions

@, — (x +9, ) As the gap distance, ¢ , decreases as shown in figure 3.1(C), the electric field in

the gap increases and an increasing negative charge accumulates at the metal surface. An equal
positive charge must exist at the surface of the semiconductor, forming a depletion region. Once

O is small enough, the gap becomes transparent to electrons, resulting in the case shown in

figure 3.1(D). It is clear that the limiting value of the barrier height g¢, , is given by

Asn0 = 4(¢, —x) 3.1

In this simplistic model, the barrier height is the difference between the metal work function and
the electron affinity of the semiconductor. Alternatively for a metal in contact with a p-type

semiconductor the barrier height is given by
495, = E, —q(¢, — x) 3.2

Therefore for any combination, the sum of the theoretical barrier heights on n-type and p-type

substrates is expected to be equal to the bandgap i.e.

q(¢Bn0 + Pa0 ) =E, 33
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3.2.2 The depletion region

From the discussion in section 3.2.1, it is clear that when a metal and semiconductor are placed
in intimate contact, the conduction and valence bands of the semiconductor at the surface are
brought into an energy relationship with the Fermi level in the metal. Once this relationship is
established, it serves as a boundary condition to the solution of the Poisson equation in the

semiconductor.

n-type semiconductor p-type semiconductor

(a)

(b)

gy + Vg)

Figure 3.2. Energy-band diagrams of metal on n and p-type semiconductors under
different biasing conditions. (a) Thermal equilibrium. (b) Forward Bias. (c) Reverse Bias

[12]

For a n-type semiconductor with metal contact, under the abrupt approximation that p = qND

forx <W, ,p=~0and & =0forx > W,, where W, , the depletion width can be expressed as
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Where the term — in equation 3.4 arises from the contribution of the majority-carrier
q

distribution tail and &, is the maximum field strength which occurs at x = 0 i.e. the surface of

the semiconductor:

2¢ kT 2[‘”1”‘ B (k%?ﬂ

V —
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D

The space charge (- per unit area of the semiconductor and the depletion-layer capacitance

C, per unit area are given by

kT
Osc = gN W), :\/2qgsND (l//bi _V_7j 3.8

g I qeN,
C, =
\/Z[V/bi _V_k%}

= 3.9
WD
Alternatively the above equation can be approximated by the following form, where the

temperature dependence can be considered to be negligible.

0.5 N 0.5
C= A(ﬁj o 3.10
2 ¢hi -V

Where A is the area of the diode, N, is the doping level of the depleted region and ¢, is the

built in barrier of the junction. This well known equation describes the variation of diode

capacitance with applied voltage for a uniformly doped region.
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3.2.3 Extraction of Schottky diode parameters for SPICE simulation

SPICE simulation is a powerful tool used in the design of electronic circuits. It allows circuit
designers to characterise devices at different temperatures and describe them using models, thus
allowing the designer to test circuits before they are physically built. The SPICE parameter
extraction for a SiC diode begins by analysing a typical set of forward bias characteristics over
the temperature range of interest. The structure and fabrication process of the diodes studied

here can be found in the literature [2].

SPICE parameters are named according to basic p-n junction theory, but can be used to
accurately model the Schottky diode. In this case the P-N grading coefficient, M, and the
forward-bias depletion capacitance coefficient, FC, are set to their default values of 0.5 [3]. The
bandgap, EG, is set to the Schottky barrier voltage, which depends upon the type of metal
contact and can be calculated as described previously [4], and V] is set to the built in potential.
The zero-bias junction capacitance CJO can either be measured as it has been in this work, or

calculated provided all the parameters of Eq. 3.10 are known.
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Figure 3.3. Forward bias on-state characteristics of a typical SiC Schottky diode

The forward on-state characteristics are used to extract RS, ISR and NR. The on-state
characteristics are modelled with a series resistance RS and the low level depletion region
recombination current IR, which has the model parameters ISR and NR. Typically, for a
Schottky diode, NR is generally close to 1, as will be detailed in section 3.2.4. and can be set to
1, leaving only ISR and RS to be extracted. Previous reports state that if the models low current
region does not fit the measured data then NR can be adjusted accordingly [5]. The value of the

forward series resistance RS is obtained directly from the inverse of the slope of the on-state
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current versus voltage characteristic at high to medium currents as shown in figure 3.3. Once a
value for RS has been extracted, the slope of the low current portion of the on-state curve is
used to extract NR, while the y-intercept is used to extract ISR using a semi-log plot as shown

in figure 3.4.
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Figure 3.4. Extraction of ISR and NR SPICE parameters from diode on-state

characteristics

Finally it is possible to measure the zero-bias junction capacitance of the diode at room

temperature as shown by the data in figure 3.5.

Previous reports in the literature have described the techniques used for extracting SPICE
parameters to accurately model the electrical behaviour of SiC diodes [6, 7, 8]. However when
designing circuits which include active silicon carbide devices, it is important to consider the
limitations of current fabrication techniques. Variation between both research and commercially
available devices is still significant in SiC technology, whilst recent work at a commercial scale
has shown a reduction in this variability [9] the accuracy of SPICE models for components
should be balanced against the variation in parameters expected due to physical variation in the

fabrication processes and the tolerance in doping and thickness of commercial epitaxial layers.
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Figure 3.5. 1IMHz Capacitance variation of a Schottky diode with increasing reverse bias

voltage

At the end of 2014, this tolerance is quoted as being £50% for both thickness and doping and
data suggests that this is observed across a single wafer, as well as being a measure of the
variability between wafers from different growth runs. The steps outlined above are repeated for
a series of discrete temperatures, thus allowing a model of a SiC diode for simulation of circuits

containing SiC devices at elevated temperatures.

3.2.4 Experimental extraction of Schottky diode parameters for high

temperature SPICE simulation

The data in figure 3.6 shows the electrical characteristics of a SiC Schottky diode measured at
elevated temperatures. From these results and the previous demonstration of parameter
extraction, it becomes apparent that that the both the series resistance and barrier height change
with temperature. The data in Figure 3.7 shows the variation in the extracted values of barrier
height with temperature. The change in barrier height directly influences the forward drop of the
SiC diode and the observed reduction with increasing temperature, as can be seen from the data
figure 3.6. The data in figure 3.8 shows the effects of temperature on the series resistance and it
is apparent that the series resistance displays a quadratic relationship with temperature, as has
been observed previously [10] indicating that the resistance is dominated by optical phonon

scattering of the charge carriers.
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Figure 3.6. Diode I-V characteristics as a function of temperature

It can also be noted that the series resistance of this diode is high for a device of this area, the
reason for this is most likely due to impurities on the hotplate chuck which was used as the
bottom contact for these vertical devices, resulting in an additional contribution to the measured

resistance.

Another critical parameter which varies with temperature is the ideality factor of the diode,
which is described in SPICE as the emission coefficient. The ideality factor of a diode is a
measure of how closely the diode follows the ideal diode equation. This value depends upon

defects within the semiconductor as explained in section 3.2.1 and 3.2.2 respectively.

The data in Figure 3.9 shows that the ideality factor of a SiC diode is close to 1 (as outlined in

section 4.2.3) and increases with temperature.
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Figure 3.9. Ideality Factor as a function of temperature

This deviation in behaviour from theoretical expectations that ideality factor is temperature
independent is due to recombination of carriers within the depletion region and is affected by

traps and the formation of an interfacial layer at the SiC/metal interface [11].

It is also important to consider the reverse characteristics of a diode at elevated temperatures.
The data in figure 3.10 shows an increase in leakage current at elevated temperatures. These
effects must be considered when designing circuits which take advantage of a diodes ability to

rectify current, this is of particular importance in switch mode power supplies.
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Figure 3.11. Change in capacitance with increasing reverse bias voltage

Finally the effects of temperature on the depletion region capacitance needs to be considered
when designing high temperature circuits. The reasons behind the increased capacitance at
higher temperatures can be described by the use of equation 3.9. The data in figure 3.11 clearly
indicates that the depletion capacitance of the diode behaves in the manner predicted by theory.

The changes in capacitance with temperature and externally applied voltage shown by the data
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will be utilised in the design of electronic circuits, the details of which will be discussed in

future chapters.

3.3 Silicon Carbide Junction Field Effect Transistors

Transistors are the fundamental workhorse behind all electronic circuits. For deployment in high
temperature environments, the silicon carbide Junction Field Effect Transistor (JFET) has been
shown to be the device of choice. In order to understand the operation of a JFET in the circuits
described in chapters 5 and 6, it is helpful to have an overall picture of how a JFET operates.
The JFET is a semiconductor device that controls the flow of current between the drain and
source, by the application of an electric field to the gate. A schematic of the physical structure is
shown in fig 3.12. The device consists of a conductive channel with two ohmic contacts, one
acting as the source and the other acting as the drain, with an appropriate voltage applied
between the drain and the source. The third electrode (gate) forms a rectifying junction with the
channel. Thus the JFET can be viewed as a voltage controlled resistor where a voltage supplied

to the gate of a JFET will modulate the source-drain resistance.

Depletion
region

Source

n-type
channel

Figure 3.12. Three dimensional schematic representation of a depletion mode JFET [12]
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3.3.1 JFET DC Characteristics

In order to analyze the characteristics of a JFET, a very small positive bias voltage, Vps, is
applied to the drain electrode, whilst the source is grounded. Under this condition the voltage
drop along the channel is uniform, as is the width of the gate depletion region as can be seen in
figure 3.13. The gate is modelled by the p+ section and has a gate length L between the source

and drain regions and its width Z is perpendicular to the page. It is assumed that the
concentration, N ,, in the p+ gate region is much greater than the donor concentration, N, , in

the channel. As a result the depletion region extends primarily into the channel region. The
distance between the metallurgical junction formed by the p type gate and the substrate is

denoted as d .

Figure 3.13. Expanded representation of JFET channel

The thickness of the gate depletion region in the channel is given by W, and the thickness of

the neutral portion of the channel (i.e. the conduction channel) is given by X, .

The resistance of the channel can be written as

rR=LL 3.11
Where p is the resistivity of the channel. Hence, the drain current can be written as

v,
I, =

Z
%ZZ(QﬂnNDXWVDS) 3.12

The dependence on the gate voltage is then incorporated into equation 3.12, by expressing

X,, =d —W,, where the depletion width, WV, , is expressed using equation 3.13, which has a
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form similar to that in equation 3.4, which can be used to describe the depletion width in a

Schottky diode.

2&
W, = 3 -V 3.13
D \/qu (¢o GS)

Here ¢, is the built-in potential of the p-n junction formed by the gate — channel region. This

enables the drain current to be expressed as a function of the gate and drain voltages.

Z 2¢,
Iy =f€ﬂnNDd|:1_\/qNDdz (4, _VGS)}VDS 314

The factors in front of the bracketed term represent the conductance of the channel if it were
completely undepleted (i.e. W=0) and for simplicity is generally described as G, . Hence,

equation 3.14 reduces to

2¢
I,=G|1- |[——(¢, -V V 3.15
D o{ \/qNDd2 (¢o GS):| DS
This equation demonstrates a linear relationship between /,, and V¢ for small applied drain
voltages. Equation 3.15 also shows that the current flowing through the device is at a maximum
for zero applied gate voltage and decreases as V; becomes more negative, until the magnitude
of the gate voltage is sufficient to deplete the entire channel region (i.e. W,, = d ) resulting in a

zero drain current.

For larger values of V), , the voltage between the channel and the gate becomes a function of
position along the channel, denoted by y . Consequently, the depletion-region width and

therefore channel cross section will also vary with position. The voltage across the depletion
region is higher near the drain than near the source, therefore the depletion region is wider near

the drain, this is best visualised in figure 3.14.
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Figure 3.14. Representation of JFET channel at higher drain voltages

The gradual channel approximation assumes that the channel and depletion-region widths vary
slowly and continuously from source to drain, so that the depletion region is influenced only by
the electric field in the vertical direction and not by field extending from drain to source. This
results in the conventional transistor characteristic, which has an appearance similar to that
observed in a triode thermionic valve. For JFET devices where the electric field generated by
the drain source bias is comparable to the gate channel electric field, the resulting characteristics
take on the appearance of a pentode valve and are considered to be showing short channel
effects [17]. These characteristics can be exploited in certain circuit configurations, such as the
self oscillating boost converter, described in chapter 5. Within this approximation, an expression

for the increment of voltage across a small section of the channel of length dy at position y

may be written as

3.16

dv(y)=1,dR(y)= Zau ND]ij—W(y)]

The width of the depletion region is now controlled by the voltage I:VGS - V( y)] , where

14 ( y) is the potential in the channel at point y . Hence, the depletion width at y can be

expressed as

W(y) - \/qz;; [¢0 Vs + V()’)] 3.17

Substituting this expression back into 3.16, then integrating along the channel from the source

to drain, the current-voltage relationship for the JFET can be obtained
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2 | 2¢
I, =GV, _5\/qzv sdz {\/(% Vg + Vs ) =8 —Vis) } 3.18
D

This indicates that the current reaches a maximum as the drain — source bias increases before
decreasing at high values. However, the assumptions used in the analysis are only valid in the
region where the current increases. Figure 3.15 demonstrates this fact visually. It can be seen
that as the drain voltage increases, the width of the conducting channel near the drain decreases,

until finally the channel is completely depleted in this region, as shown in figure 3.15.b. When
this full depletion occurs the equations are indeterminate, and are therefore only valid for V)

below the drain voltage that pinches off the channel. Current continues to flow when the
channel has been pinched off because there is no barrier to the transfer of electrons travelling
down the channel toward the drain. As they arrive at the edge of the pinched-off region, they are
pulled across it by the field directed from the drain toward the source. If the drain bias is
increased further, any additional voltage is dropped across this depleted, high field region near
the drain electrode, and the point at which the channel is entirely depleted moves towards the

source, as depicted in fig 3.15c.

S d D
L
B Ves Vos
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Figure 3.15. Representation of JFET operation with increasing gate bias
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If the movement in the pinch-off point with increasing drain — source bias is ignored, the drain
current remains constant (saturates) as the drain voltage is further increased further, this is
referred to as saturation. The drain voltage at which the channel is entirely depleted near the

drain electrode can be extracted from equation 3.18 and is shown to be

gN,d’
VD,SAT = ZZ _(¢o - VGS) = Vp _¢o + VGS =Vio +Vss 3.19
gN,d’ . .
Where Vp = > normally referred to as the pinch-off voltage and V;, =V — @, is the

threshold voltage. Hence, the drain saturation current can be expressed as

— GOVP 3¢0 B

V
Iy sir 3 1- S 42

3.20

The maximum value of [ D.SAT > which in SPICE is referred to as /¢ occurs for V. =0.If

y
I}, ¢,r is normalised to /s and plotted as a function of —% | we obtain the curves shown in
p

fig 3.16.
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Figure 3.16. Comparison of abrupt junction FET characteristics with square law

characteristics [12]

Also plotted is a square-law transfer characteristic given by
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It is clear that the two curves agree quite closely and so the functional form of equation 3.21 is
commonly used as a mathematically simple approximation of the JFET characteristic in the

saturation region.

Thus the Ip - Vps characteristics can be divided into three regions, (1) the linear region at low
drain voltages, (2) a region with a sublinear increase in current with drain voltage, and (3) a
saturation region where the current remains relatively constant as the drain voltage is increased

further, as shown in Figure 3.17.

Ip A Vos = Vb, sat
Ves = 0
Linear
region / Soturation region
Ves1 < O
Ves2 < Vesi
<V,
[Z Ves3 S Vesz

Vps

Figure 3.17. Typical JFET characteristics showing Linear and Saturation regions [12]

Equation 3.20 predicts the current is maximum for zero gate bias and decreases as a more

negative voltage is applied to the gate. At a sufficiently negative gate voltage, the saturation
drain current becomes zero and the device is effectively off. This turn-off voltage V7, is found

to be

gN,d’

—_— 3.22
2¢,

VTO = ¢o -

It is common to operate JFETSs in the saturation region, where the output current is not
appreciably affected by the drain voltage, but only by the gate voltage. Under these operating

conditions, the JFET acts as an almost ideal current source controlled by the gate voltage. The
transconductance, g, , of the transistor expresses the effectiveness of the control of the drain

current by the gate voltage and is defined by
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oI,
OV

En = 3.23
The previous analysis has included several simplifying assumptions. In practical devices these
assumptions may not be sufficiently valid to enable the model to accurately predict the

experimental data.

A channel-length modulation parameter is often included, particularly in short channel devices,
to model the gradient of the slope in the saturation region [17]. It has been previously described

that in the saturation region the potential at the end of the channel, at the point denoted by L in
figure 3.15, is fixed at the value of V¢, corresponding to the applied gate voltage. However,

in figure 3.15, this point is where the two depletion regions just touch and hence is determined
by the reverse bias applied to the gate junctions because of requirement that the depletion width
equals the depth of the channel in the transistor. As the drain voltage is increased further, the
reverse bias between the gate and the drain region increases. Thus, the width of the depletion
region near the drain will also increase. As a result, the point at which the two depletion regions
touch will move towards the source as indicated in Fig 3.15(¢c). The voltage at point L' remains
at the same value, but the distance along the channel between the source and the point L'
decreases. It is evident that the drain current will increase at a given gate voltage as the drain
voltage is increased and so the end point for the integration performed earlier now becomes L'

rather than the true length of the channel, as L' is the point at which the channel becomes

completely depleted defined by[V(L ') =V} su :' Therefore when V,; >V, . the expression

,sat
for I,,; inequation 3.21 should be multiplied by the factor [/L' and this phenomenon, is

particularly important in devices with short channel lengths. The observed increase in current
takes place because the current path is shortened by a widening of the reverse-biased depletion
region. Thus Lambda, which can be considered as the channel length modulation parameter

may be defined as,

L!
LV

DS

A= 3.24

Hence, lambda is a measure of the JFET output conductance in saturation. By specifying this

parameter, the JFET will have a finite but constant output conductance in saturation.

3.3.2 Extraction of JFET SPICE Parameters

As mentioned previously, JFETs exhibit a square-law relationship between the terminal voltage

and drain current, and so the average charge accumulated in the channel due to the field effect is
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proportional to the square of the voltage applied to the gate. The SPICE model of a JFET
follows the quadratic FET model of Shichman and Hodges [12]. The DC characteristics are

dominated by the parameters ¥, and £, which determine the variation of drain current with

gate voltage, 4 which determines the output conductance in the saturation region, and IS the

saturation current of the p-n junction formed by the gate.

Thus we can create a static model of the JFET as shown in fig 3.18

D
3
Igp
4
+ -
Vo +
o W Ip (‘)Vos
Ves .
+ ~e
g e
Igs
rs

w

Figure 3.18. Static model of a JFET

The ohmic resistances of the drain and source regions of the JFET are modelled by the inclusion
of two linear resistors 7,, and 7, The DC characteristics are represented by the nonlinear
current source /,,. The value of /,, is determined by a set of equations obtained by expanding

the square-root terms in the drain current formula as a binomial series. Hence in normal mode

operation a JFET can be mathematically described by

Ly = B(2(Vas =Vio Wis = Vs ) (14 W5 3.25
and
Iy =BV —Vio ) (1= AV5) 3.26
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Where /3 is the transconductance, A is the channel length modulation and V7, is the threshold

voltage. Equation 3.25 is used to describe the JFET characteristics in the linear region of
operation and equation 3.26 is used to describe the saturation characteristics, as shown by the

data in figure 3.17.

Since the dependence of the drain current /,; on V), and V are separated as multiplying
factors in equation 3.26, it lends itself to parameter extraction more easily than equation 3.25. If
the data is analysed as a function of V¢ with V)¢ as a constant, the transfer characteristics of
the device can be extracted and hence it is possible to obtain both £ and V7, , as can be seen

by the fitting shown by the data in figure 3.20.
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Figure 3.20. Extraction of Beta and VTO from characteristics

Once S and V, have been identified, A can be extracted from the output characteristics as

shown in the figure 3.21. Following this technique, it is possible to build a model to allow for

circuit simulation over an entire temperature range of interest.

52



Slope = Al

..........
ooooooooooooooooooo
,,,,,,,
........
2K >
ooooo
OO
Q o
,,,,,
R
N
R

K>
>

oooooooo

ooooooooooo

VDS (V)

Figure 3.21. Extraction of Lambda
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Figure 3.22. JFET transfer characteristics and model characteristics at 300K
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Figure 3.25. JFET transfer characteristics and model characteristics at 600K

The models used for the extraction of SPICE parameters as outlined above enable predicted
characteristics to be created using SPICE, which are shown with the experimental data in
figures 3.22 to 3.25. As can be seen from the data in the figures the parameters extracted from
the JFET characteristics used in this work provide models which closely reflect experimental

data.

Whilst there are some discrepancies the variation in electrical characteristics between fabricated
devices primarily due to non-uniformity in doping levels across the wafer and fabrication
repeatability. These models prove sufficient accuracy to model the JFET’s behaviour at various

temperatures.

The parameter values extracted using the models described are summarised in table 3.1.

Temperature (K) | Lambda | Beta VTO (V) | RSQ CGD CGS
300 0.025 0.0035 -3.99 5.56 24.4 23.2
400 0.029 0.0022 -4.22 4.68 26.0 25.5
500 0.033 0.0011 -4.79 4.39 28.2 27.4
600 0.037 0.0007 -4.93 4.11 30.1 29.8

Table 3.1 Extracted SPICE parameters for silicon carbide JFET structures
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3.3.3 High Temperature JFET Characteristics

As discussed in chapter 2, the intrinsic properties of silicon carbide allow devices to operate at a
significantly higher temperature than silicon equivalents. The effects of temperature on a typical
device used in this work are discussed in this section. The experimentally extracted data shown
in figure 3.26 is the I-V characteristics of a SiC JFET under zero gate bias conditions. From the
data, it is apparent that increasing temperature significantly reduces the ability of the channel to
conduct current, as is expected from the reduction in carrier mobility with increasing

temperature [14].
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Figure 3.26. Zero gate bias characteristics of a SiC JFET with increasing temperature
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Figure 3.27. Extracted values of Lambda and Beta as a function of temperature
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The data in figure 3.27 shows that the transconductance parameter, /3 , decreases quadratically

as the temperature increases, indicating a strong dependence on the electron mobility within the
channel. Such closely coupled behaviour reflects the fact that these parameters are dominated by
the carrier mobility behaviour in the channel and suggests that the parameter will also decrease
with increasing ionized carrier concentration as the temperature is increased [15—17]. It can be
seen from the data in figure 3.28, that VTO drops in a linear fashion with increasing temperature
which is related to the decrease in the built in potential of the p-n junction formed by the gate-

channel within the JFET.

The series resistance of the JFET shows an unusual characteristic in that it decreases in a
quadratic manner as the temperature is increased, which is unusual as the bulk resistance of
semiconductors is related to carrier mobility and increases with temperature over the range
studied here [17]. This behaviour is a direct result of both the electrical field and temperature
enhanced trap emission, which cause a decrease in the ionized impurity scattering in the
channel, resulting in a higher carrier mobility and hence lower resistance. This process increases
with temperature until the optical phonon scattering begins to dominate, at which point the
carrier mobility begins to decrease, resulting in an increase in the on-state resistance, similar to

the behaviour observed in a conventional FET [17].
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Figure 3.28. Extracted values of VTO and RS as a function of temperature

This anomalous behaviour is only observed in some devices indicating that geometry of the
device might also play a significant role in contributing to this [17], although at this time it is

not possible to uniquely identify the contribution from this source.
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The data in figure 3.29 shows an increase in gate - source and gate - drain capacitance with
temperature. The origin of these effects is similar to the increase in capacitance observed for

the Schottky diodes discussed in section 3.2. [18].
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Figure 3.29. Gate to source capacitance variation with temperature

3.4 High Temperature Passive Components

In order to complement the active devices discussed in the previous section, it is also important
to analyse the effects of elevated temperature on the passive devices required to commission
high temperature electronics. In the circuits described in the following chapters high
temperature capacitors, resistors, and inductors are required and so here their material and

electronic properties will be discussed.

3.4.1 High Temperature Capacitors

High temperature capacitors are arguably the most complex passive component. In this work
Metal Insulator Metal (MIM) capacitors with two different dielectrics Hafnium Dioxide and

Aluminium Nitride have been investigated.

Figure 3.30 depicts the physical structure of the devices with the Hafnium Dioxide capacitors

structure shown on the left and the Aluminium Nitride structure shown on the right.
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Figure 3.30. Physical Structure of High Temperature MIM capacitors

Hafnium dioxide is a high-k dielectric which allows the realisation of physically thicker
dielectric layers in comparison to conventional SiO» based capacitor structures, such as those
found in MOSFETs, whilst maintaining a high capacitance. Reports in the literature have
demonstrated the compatibility of HfO, capacitors for use in high dose radioactive and high
temperature environments [18, 19]. The capacitors used in this work had a physical thickness of
60nm and were built with the intention of integrating the capacitors on the surface of the active

semiconductor devices, to enable a system on chip (SOC) solution to circuit development.

The data in figure 3.31 shows a comparison of the I-V characteristics of a typical “Good” and
“Bad” HfO, MIM capacitor. The observed increase in leakage current of the “Bad” capacitor is
around five orders of magnitude and is due partly to the increased area in comparison to the
“Good” device, but also shows evidence of additional leakage mechanisms. Testing on a large
number of devices indicated that this additional leakage was observed in all large area devices,
as well as a significant fraction of the small area devices, suggesting that the mechanism is
linked to a high concentration of defects in the dielectric, which limits the yield. Additionally, it
can be seen that even the good devices exhibit a leakage current in the nA range at a bias of 5V,
which will result in problems when deployed in the electrical circuits presented later in this

thesis.
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Figure 3.31. IV characteristics of hafnium dioxide capacitors at 25°C

The data in figure 3.32, shows the CV characteristics of these two capacitors at biases between 0
to 5V at room temperature. The data in the figure shows that whilst the good capacitor shows
an expected capacitance at low bias in comparison to the bad device, under high bias conditions,
both devices show a significant decrease in capacitance at high bias levels, which is linked to
the increasing leakage current. This indicates that in order for HfO, based capacitors to be a
viable solution the defect density would have to be significantly reduced, something that is often
achieved using thicker layers. However, thicker dielectric layers are not compatible with the
requirements of integrating capacitors on the surface of an active device structure and so an

alternative strategy was sought.
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Figure 3.32. CV measurements of Hafnium Dioxide Capacitors

The realisation of hybrid circuits in high temperature electronics utilises discrete devices, both
active and passive, being integrated onto a high temperature ceramic circuit board, which is
often fabricated from aluminium nitride (AIN). For this reason, an investigation into the
suitability of AIN dielectrics for high temperature capacitors has been undertaken. The structure
of a typical Aluminium Nitride capacitor is shown in figure 3.30.b and shows a marked
difference in comparison to the HfO, device studied previously, in so much that the physical
thickness of the AIN dielectric film has been increased to 390nm. The data in figure 3.33 shows
the current voltage characteristics of a typical AIN capacitor. It can be seen from the data that
in order to induce leakage currents of a magnitude similar to those observed in the HfO, devices
the AIN MIM capacitors requires the application of a bias voltage of 15V at a temperature of
600K, and measurements have had to be made at increased temperature. These characteristics
have been chosen to highlight the superior leakage current exhibited by AIN capacitors at over
the temperature range studied, indicating their suitability for deployment in electronic circuits

operating at elevated temperatures.
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Figure 3.33. I-V Characteristics of Aluminium Nitride Capacitors

The CV characteristics of a typical AIN capacitor are shown by the data in figure 3.34. The data
shows a low voltage dependence of the measured capacitance in comparison to that observed in
the HfO, data in figure 3.32, which is consistent with the low leakage currents observed in the
AIN structures. This constant capacitance behaviour is a key factor in the design of high
performance analogue circuits, because it removes the need to maintain the bias level on the
capacitor at a standard value, simplifying the circuit design. The data in the figure also shows
that the zero bias capacitance increases by over 10% as the temperature rises from 300 to 650K.
The data in figure 3.35 shows the variation in zero bias capacitance as a function of temperature
and it can be observed that the increase is linear with temperature and this is an important
feature which must be considered when designing high temperature circuits. This challenge in

circuit design will be discussed further in the upcoming chapters.
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Figure 3.34. CV characteristics of AIN capacitor with increasing temperature

122

120 ©

RN

N

oo
1

N

N

»
I

y = 0.0434x + 93.593
4 Rz =0.9911

RN N
N N
N

1

N

N

o
I

Average Capacitance (pF)

108 -

106 -

104

300 350 400 450 500 550 600
Temperature K

Figure 3.35. Linear temperature coefficient of a typical AIN capacitor

63



3.4.2 High Temperature Resistors

Resistors, inductors and track resistance are important passive components to consider for high
temperature circuits. They share a common theme for high temperature usage as they are often
based on thin film technologies, which employ a thin metallic layer. In contrast to high
temperature capacitors, which are an area of active research, the simpler structure and materials

challenges, reliable high temperature resistors are already commercially available [20].

In this work commercially available resistors from Rhopoint components which were rated for
up to 300°C were characterised and used in high temperature hybrid circuits. [20]. Sample
devices were heated to 400°C and their electrical resistance characterised to extract the

temperature co-efficient for use in circuit simulation.
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Figure 3.36 — Resistance as a function of temperature for samples of high temperature

resistors used.

The data in figure 3.36 depicts the variation in resistance of these commercially available high
temperature resistors at temperatures up to 375°C From the data, it is apparent that that the
resistor rated at 1KQ exhibits a positive temperature co-efficient whereas the 100KQ resistor
exhibits a negative temperature co-efficient over the temperature range studied. This difference
is most likely due to different materials being utilised to achieve the different resistance values

whilst being of a standard physical dimension.
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Figure 3.37. Extracted temperature co-efficient for 1K) commercial resistor
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Figure 3.38. Extracted temperature co-efficient for 100K() commercial resistor

The change in resistance with temperature is described using polynomial equations, as shown

by the lines of best fit in figures 3.37 and 3.38. This enabled the resistance variation to be

described in SPICE based circuit simulations.

3.5 Properties of metals at High Temperature

At elevated temperatures it is important to utilise metals which are chemically stable and do not
react with chemicals present in the environment in which they are to be employed. These

metals must also not undergo solid state chemical reactions or suffer significant diffusion with
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other material present in the electronic circuit, such as ceramic circuit boards and wire bonds.
Standard electrochemically deposited copper, which is used in standard silicon electronic circuit
boards oxidises and is unsuitable for use in high temperature environments [21]. Hence, it is
preferable to use a non reactive metal with a high electrical conductivity and so in this work
gold was selected. This selection was also based on the availability of process techniques and
knowledge within the research group, including the suitability of titanium as an adhesion
promoting diffusion layer underneath the gold film. It is possible to plate a layer of gold on to
existing copper to prevent oxidation or alternatively for higher temperatures it is common to use

electroplated gold traces, as has been used in this work.

The resistance of a gold track can be calculated using the standard formula for a bulk conductor

(i.e. where the cross sectional area is such that the surface roughness scattering is insignificant)
L
R=£% 3.37

The bulk resistivity of metals changes with temperature and when designing high temperature
circuits more attention must be paid to the temperature coefficient. For simulation purposes, the

resistivity of the metal can be calculated at different temperatures

P = Pry [1+a(T—Tr¢f)] 3.38

Where p is the resistance at the temperature of interest, p,,, the resistivity at the reference

temperature, & the Temperature coefficient for the metal, 7 the temperature of the metal, and

T, the reference temperature for which & is specified [21]. From these equations it is

possible to calculate the resistances of traces and the additional contribution to the resistance

resulting from the elevated temperature.

3.6 High temperature magnetic components

Planar spiral inductors have been used to fabricate low inductance devices such as those
required for RF circuits, with ferrite cores used for the transformers required for power
converters. For both inductor types considered here, the challenge of keeping the resistance of
the conducting track as low as possible is important for minimising power loss and Q factor

degradation, this ensuring their optimum operation.
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3.6.1 High Temperature Spiral Inductors

For low values of inductance it is possible to create inductors by fabricating a planar spiral
structure on a ceramic substrate. Gold spiral inductors were fabricated using conventional
photolithography techniques, followed by gold electroplating to reduce their resistance. The
literature contains details of models describing the characteristics of planar inductors, however
for the devices considered in this work a simple calculation sufficed, due to both the physical

size of the inductors and the limitations in the processing technology used.

The inductance of a planar spiral conductor on an insulating substrate can be described using

[P +N(W+S)

2
L= 3.39
D, +N(W+S)
30 ~11D,

Where L is the predicted inductance, D, is the inner diameter of the inductor, N is the

number of turns, W the wire diameter, and S the spacing between the turns.

After deposition by ebeam evaporation, the titanium and gold seed layers were patterned using
conventional photolithography and were then electroplated to increase their physical thickness
and reduce their resistance to improve their performance as inductors. After electroplating, the

characteristics were extracted as a function of temperature to enable the simulation of circuits.

As shown by the data in figure 3.39 the DC resistance of the inductor increases linearly with
temperature, as is expected from the behaviour of the bulk resistivity. It is important to note that
the resistance of this inductor increases by nearly a factor of three over the temperature range
studied and this observation highlights the importance of selecting appropriate conductors for
high temperature circuits. The data in figure 3.40 shows the inductance of a typical gold spiral
inductor over a range of temperatures as a function of measurement frequency. It is apparent
from the data that the increasing temperature causes a small increase in inductance, which is
most likely due to the properties of the ceramic substrate on which the inductor was fabricated.
As the material properties of the substrate alter as does the capacitance between tracks of the

inductor along with the inductor shape changing due to thermal expansion.
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Figure 3.39. — DC resistance of gold inductor at elevated temperatures

It is also apparent that inductance is higher at lower frequencies which is to be expected and

even at DC the range of experimentally measured inductance values corresponds well to the

theoretical value calculated by equation 3.39 of 1.25uH.
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Figure 3.40. Measured inductance values for a gold spiral inductor

o
-
[
[
¥
Y

500000

1000000
Frequency (Hz)

68

1500000

2000000

== 300k
=325k
=== 350k
=3¢=375k
=ie=400k
425k
et 450k
475k
e 5,00k
=——525k
== 550k
575k
600k
625k
650k



3.7 Conclusions

This chapter has discussed the characterisation and extraction of SPICE parameters for use in
models when designing high temperature circuits made from SiC components and proprietary
high temperature passive components. The extracted SPICE parameters were using in circuit

simulation software to aid in the development of SiC circuits in later chapters.

JFETs were characterised at temperatures up to 573K, and values for V7, ., A, 1S, RS and

junction capacitances were extracted and then used to mathematically describe the operation of
circuits using SPICE. The transconductance of SiC JFETSs has been shown to decrease
quadratically with temperature indicating a strong dependence upon carrier mobility in the
channel. The channel resistance also decreased quadratically as a direct result of both electric
field and temperature enhanced trap emission. The JFETs were tested to be operational up to

775K, where they failed due to delamination of an external passivation layer.

Schottky diodes were characterised up to 573K, across the temperature range and values for
ideality factor, capacitance, series resistance and forward voltage drop were extracted to
mathematically model the devices. The series resistance of a SiC SBD exhibited a quadratic
relationship with temperature similar to that observed in the JFET indicating that it is dominated
by optical phonon scattering. The observed deviation from a temperature independent ideality
factor is due to the recombination of carriers in the depletion region affected by both traps and

the formation of an interfacial layer at the SiC/metal interface.

To compliment the silicon carbide active devices utilised in this work, high temperature passive
devices and packaging/circuit boards were developed. Both HfO, and AIN materials were
investigated for use as potential high temperature capacitor dielectrics in metal-insulator-metal
(MIM) capacitor structures. The different thicknesses of HfO, (60nm and 90nm) and 300nm for
AIN and the relevance to fabrication techniques are examined and their effective capacitor
behaviour at high temperature explored. The HfO, based capacitor structures exhibited high
levels of leakage current at temperatures above 100°C and moderate electric fields due to the
thin dielectric and high defect density rendering the unsuitable as capacitors in hostile
environments. To address this issue AIN capacitors with a greater dielectric film thickness were
fabricated with reduced leakage currents in comparison even at an electric field of 5S0MV/cm at

600K.

Commercial thick film metal oxide resistors were characterised up to 648K. Resistors with a

lower resistance value exhibited a positive temperature co-efficient whereas higher valued

69



resistors exhibited a negative temperature co-efficient. This difference is most likely due to
different materials being utilised to achieve the different resistance values whilst being of a
standard physical dimension. The drift of resistance with temperature must be considered when

applied to high temperature circuits as it results in change of current levels.

Finally the properties of metals at elevated temperature were considered with regards to both
PCB traces and spiral inductors. Gold was selected as the most appropriate metal to be used for
interconnects and RF spiral inductors as it is chemically stable and would not react with
chemicals present in hostile environments. RF spiral inductors were fabricated by
electrochemical deposition before being characterised at high temperature, the inductance and

resistance values agree closely with theoretical formula over the entire temperature range.
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Chapter 4: Silicon Carbide Electronic Oscillators

4.1 Introduction

A significant number of electronic circuits have the requirement to produce repetitive
waveforms to perform multiple functions. In order to meet this requirement oscillator circuits
have been realised, which depending on complexity can produce any waveform including high
frequency radio waves. These carrier signals are often utilised as the basis of wireless

communication systems.

This chapter provides an overview of different oscillator types, before focusing on Colpitts
Oscillators for use within a high temperature prototype communication circuit. The origin of the
observed frequency drift with temperature of these oscillators fabricated using Silicon Carbide
components is explored. A development of this circuit has been used to demonstrate a silicon
carbide Colpitts based Voltage Controlled Oscillator (VCO) and the data shows that this is

suitable as a method of controlling the frequency of an oscillator across a range of temperatures.

The data in this chapter shows, for the first time, both Amplitude modulation (AM) and
Frequency modulation (FM) of high temperature circuits producing carrier waves and the

realisation of a high temperature wireless communication system.

4.2 Experimental

4.2.1 The Electronic Oscillator

An electronic oscillator is a circuit which produces a repetitive, oscillating signal by converting
a direct current (DC) power supply to an alternating current (AC) signal. The shape of the signal
waveform depends on the application for which the oscillator is designed, for example clock
generation for digital electronics, switching waveforms for switch mode power supplies, and

radio frequency signals for wireless electronic communications.

Electronic oscillators can be described as two main types: the nonlinear oscillator and the linear

or harmonic oscillator.

4.2.2 The nonlinear oscillator

The nonlinear or relaxation oscillator produces a non sinusoidal waveform, such as a square
wave, sawtooth or triangle waveform. The circuit comprises an energy storage component,
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along with a nonlinear switching circuit. In the majority of implementations this is in the form
of a capacitor, however inductors can also be used. Alternative implementations include a
negative resistance device that periodically charges and discharges the energy in the storage
element, thus causing abrupt changes in the output waveform. Square wave relaxation
oscillators are used extensively in digital electronics to provide the clock signal for sequential
logic circuits such as timers and counters, whereas sawtooth oscillators are used specifically in

time base circuits. [1-3]

4.3 Linear oscillators

The linear or harmonic oscillator produces a sinusoidal waveform. Two types of linear oscillator

are possible the negative resistance oscillator and the feedback oscillator.

4.3.1 Negative resistance oscillators

The negative resistance oscillator is based around a component which exhibits negative
resistance, such as a magnetron tube, or certain types of diode. In silicon carbide technology
impact ionization avalanche transit-time (IMPATT) diodes have been experimentally

demonstrated which will enable the practical realisation of this type of oscillator [5, 6].

To explain the operation of these oscillators it is important to understand the concept of negative

resistance. The simple tank circuit, shown in figure 4.5 (a), is stimulated by a current impulse
applied at /,,. The tank responds with a decaying oscillatory behaviour because, in every cycle,
some of the energy that reciprocates between the capacitor and inductor is lost as heat in the
resistor, R . If a device or circuit which exhibits negative resistance is placed in parallel with
R, it can be modelled as —R,, . If the magnitude of this negative differential resistance—R , , is

equal to the tank losses the oscillations observed in Vo continue indefinitely, as shown in figure

4.5.(b) and the circuit can be described as an oscillator.
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Figure 4.5 (a) Decaying impulse response of a tank circuit, (b) addition of negative

resistance to cancel the power loss in R;. [7]

Such oscillators are commonly used in the production of high frequencies, such as those found

in the microwave region and above. The advantage of silicon carbide in these circuits is the high

saturation velocity of electrons (VS = 2% 10" cms™ ) in comparison to commonly used

semiconductors such as silicon (VS qr = 1% 107 cms™ ) , enabling higher frequency operation

and the capability to operate at higher temperatures thus allowing designers to dissipate much

higher power levels in the devices. [8]
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Figure 4.6 (a) Circuit of an IMPATT diode based negative resistance oscillator (b)
Schematic representation of an IMPATT diode

The circuit diagram in Figure 4.6(a) schematically depicts a negative resistance oscillator circuit
based on an IMPATT diode. This example is based on the use of an LC circuit, (alternative

schematics based on the use of a crystal or cavity resonator are possible) which is connected
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across an IMPATT diode which exhibits a negative differential resistance and a DC bias voltage
supplies the energy required to sustain the oscillations. As shown by the waveform in figure
4.5(a) a resonant circuit acts in a manner similar to that of an oscillator in that it has the ability
to store energy in the form of electrical oscillations if excited. However the existence of internal
resistance acts to damp the oscillations and the amplitude decreases to zero. The negative
resistance of the active device cancels the internal resistance in the resonator, thus creating a
resonator with no damping, which creates continuous oscillations at the resonant frequency

predicted using equation 4.5.

4.3.2 The feedback oscillator

The feedback oscillator is the most common form of linear oscillator as shown in figure 4.7. It
requires the use of an active component, an electronic amplifier such as a transistor, connected
in a feedback loop, with its output fed back into its input through a frequency selective

electronic filter in order to provide positive feedback.
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Figure 4.7 Schematic representation of feedback oscillator

When power is first supplied to the amplifier, the electronic noise in the circuit provides the
initial signal to initiate the oscillations. The magnitude of the noise is increased by means of the
amplification in the feedback loop, before the desired frequency is selected by the filter, until

the signal becomes a sine wave.

Feedback oscillator circuits can be classified according to the type of frequency selective filter
employed in the feedback loop. There are three specific types; crystal oscillators, RC oscillators,

and LC oscillators each with their own merits and limitations.
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4.3.3 Crystal oscillators

Crystal oscillators incorporate a piezoelectric crystal as the filter. The crystal mechanically
vibrates as a resonator, and its frequency of vibration determines the oscillation frequency. A

common example is the Pierce oscillator, as shown by the circuit diagram in Figure 4.8.

QUTPUT

xTal [
2N3823

Figure 4.8 A Pierce crystal oscillator utilising a JFET as active device

Crystals for electronic circuits are typically manufactured from Quartz demonstrating a very
high Q-factor and also better temperature stability than tuned circuits based on discrete
components [9]. Hence in conventional electronic circuits, crystal oscillators have significantly
enhanced frequency stability in comparison to either LC or RC oscillators. The availability of
high temperature packaging for quartz crystals would allow the construction of crystal
oscillators for circuits operating in ambient conditions up to 573°C, at which point quartz
undergoes a reversible phase change known as Quartz inversion, resulting in the crystals ceasing

to operate as electronic filters. [10]

Whilst crystal oscillators provide greater frequency stability with variations in temperature, the
availability and complexities associated with incorporating a high temperature crystal
component were viewed as a disadvantage in comparison the simplicity of prototype high

temperature LC Oscillator based circuits.

Fabricating a high temperature crystal out of a material such as SiO,, or alternatively ZnO or
AIN which would not undergo quartz inversion, was beyond the scope of this work. Whilst the
precision of oscillation frequency would be much higher with a crystal oscillator due to SiCs
infancy and lack of digital circuitry the resources required for the creation of such an accurate

oscillator were unavailable.
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4.3.4 RC Oscillators

RC oscillators utilise a filter network comprising combinations of resistors and capacitors and
are commonly used to produce lower frequencies, such as those in the kHz frequency range. A

common example of an RC oscillator is the phase shift oscillator shown in figure 4.9.

+ Voo

Figure 4.9 Phase shift oscillator utilising a JFET [7]

In this circuit topology, it can be seen that the JFET is operating as an inverting amplifier
producing a signal which is 180° phase shifted from the signal at the input. The RC phase shift
network acts as a filter and provides an identical 180° phase shift by using three RC sections in
cascade, each producing a 60° phase shift. In the majority of examples the capacitors and
resistors share common values and excluding parasitics from the circuit layout, the frequency of

oscillation can be determined using

1

= 4.4
27RC \/g

4.3.5 LC Oscillators

In an LC oscillator, the filter is a tuned circuit commonly referred to as a tank circuit, which
consists of an inductor and a capacitor connected together. During operation, charge flows back
and forth between the capacitors plates through the inductor, allowing the tuned circuit to store

energy at the resonant frequency.

This oscillating transfer of energy takes place at a frequency determined by the capacitance and

inductance values, known as the resonant frequency and can be calculated using:
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where L is the inductance and C the capacitance.

This resonant frequency is generally expressed in the resonant angular frequency form.

©=— 4.6
JLC

As discussed in the previous sections, internal losses exist within the tank circuit, however the
amplifier compensates for these losses and supplies power for the output signal, maintaining the
amplitude of the oscillations. LC oscillators are commonly used at radio frequencies and when
a tuneable frequency source is required, typical circuit configurations are the Hartley, Colpitts

and Clapp oscillators, as shown by the circuit topologies in Figures 4.10 (a), (b) and (c)

respectively.
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Figure 4.10 (a) Hartley, (b) Colpitts and (c) Clapp oscillators

As can be seen from the schematic circuit layout in figure 4.10 the Colpitts and Clapp
Oscillators lend themselves to a greater level of miniaturisation than the Hartley oscillator, as
they only utilise a single inductor in the design. In this work a Colpitts oscillator design was
selected due to their ability to self start utilising components with a lower quality factor (Q

value) than the slightly more complicated Clapp design.
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4.3.6 The Colpitts Oscillator

The Colpitts oscillator, shown in figure 4.10(b) is a common form of LC oscillator utilising a
LC tank circuit and an active device to counter act the damping effect caused by the parasitic
resistances which exist within all components. A Colpitts oscillator can be realised using a
single silicon carbide JFET as an amplifier and by adding a tank circuit. By feeding the signal
back from the output of the amplifier to the input through this LC tank it is possible to create a
practical Colpitts oscillator circuit, as shown schematically in fig 4.11
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Figure 4.11 Circuit schematic of a Colpitts Oscillator

As described in the literature, a linear systems feedback approach is commonly used for the

analysis of a Colpitts Oscillator [11]. This approach enables the determination of the oscillator
frequency ( f;) and the minimum transconductance ( g, ) required by the JFET to enable steady

state oscillations, as shown by equations 4.7 and 4.8 respectively.

1
fr=— 4.7
' CICZ
27 | L———=—
C +C,
C2
;o= 4.8
gm o Cl

Where the terms in the equation are denoted by the labels in figure 4.11.

The frequency of oscillation calculated using this closed loop analytical approach results in
higher frequencies than those predicted using either SPICE based simulations (using the
parameters discussed in chapter 3) and experimental results, because these formulae do not
consider the impact of the parasitic capacitances within the JFET and/or the capacitances caused
by the wirebonds which are difficult to calculate and depend upon circuit design and chip
placement. The parasitic capacitances however are of magnitudes smaller than the size of the

capacitors used in the circuits which in some calculations allows them to be omitted. It is also
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possible to use an alternative approach based on the concept of negative resistance [13] in one-
port oscillators such as the silicon carbide IMPATT diode, replacing the silicon carbide JFET

with an external oscillator active circuit.

. Active
Lo 1f ]

circuit
|

neg <

R 0

Fig 4.12 RLC tank with negative resistance created by the Oscillator active network

A schematic of a circuit layout for this concept is shown in fig 4.12. It can be see that in order
to overcome the energy loss from the parasitic resistance in the circuit components including the

inductor, the active circuit must form a small-signal negative resistance R, which replenishes

neg
the energy loss during every oscillation cycle. Thus the negative resistance can be interpreted as

a source of energy. In this example R, denotes the equivalent parallel resistance of the tank and

for oscillations to be self-starting it is necessary that Rneg

> ‘Rp ‘ . As the amplitude of the

oscillations increases, the amplifier will start to saturate, decreasing the loop gain until it reaches
unity, thereby satisfying the Barkhausen criterion [14]. The Barkhausen stability criterion is a
mathematical condition put forth in 1921 by German physicist Heinrich Georg Barkhausen to
determine when a linear electronic circuit will oscillate. In the steady state the two resistances
must be of equal amplitude and so the power drawn from the source balances that lost in the

parasitic resistance.

This more considered analytical approach allows for the inclusion of the parasitic capacitance of
the JFET, thus yielding a predicted oscillation frequency which is a closer match to the
experimentally observed value. A simplification of the circuit shown in figure 4.11, by ignoring
the contribution from the inductor (L), an ac equivalent circuit can be derived, as shown in fig.

4.11 and this can be used to calculate the input impedance of the circuit.
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Figure 4.13. An ac equivalent circuit of a Colpitts oscillator structure highlighting the

parasitic capacitances in the JFET but ignoring the inductor

In figure 4.13 the parasitic capacitances of the JFET (denoted as (J) have been included to

represent the depletion capacitance of the gate channel junction; gate-source (C o ) and gate-

drain (C,, ) capacitances; as well as the drain-source (C,, ) capacitance resulting from the

physical dimensions of the charge storage in the channel.

1
Aa)(C2 +C, )

1
ry > Aw (C,+C,) 4.11

1
Tos = % a)(q N Cgs) 4.12

Where 7, and r,, are the small-signal drain-source and gate-source resistances of the JFET

V4 4.10

N

>

respectively.

Providing the conditions stipulated in equations 4.10 to 4.12 are met, it is possible to replace the

SiC JFET, with a simplified small signal model, to obtain the equivalent circuit shown in fig.

4.14, where g, is the small-signal transconductance of the SiC JFET.
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Figure 4.14 Small-signal equivalent of the Colpitts Oscillator

Utilising standard circuit theory and the methods in the literature, [13] it is possible to determine
the negative differential resistance required to sustain oscillations in the circuit, based on the

topology shown in figure 4.14;

- Enm

r neg

C C
[af (¢, +c,)(c,+c, )(1 PR — J]
C + Cgs C,+C,

4.13

A total capacitance of the circuit can be defined using

4.14

_(C1+Cgs)(C2+Cds) . Cy N Cy,
! C,+C,+C,+C, G+C, C+C,

and so, combining this with equation (2.7), the commonly expressed equation for the

differential resistance can be obtained [4, 11]:

=—&n 4.15
e Azqc2 '

Based on this analysis and reinstating the inductor to the circuit, along with a series total loss

resistance, R , to the input impedance Z, , it is possible to obtain a simplified series equivalent

in

circuit of the Colpitts oscillator, as shown in fig. 4.15.
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Figure 4.15 Series equivalent circuit of the Colpitts Oscillator

Where 7, is the total series loss resistance and can be calculated from the series resistance of the

capacitors and inductors using:

n=r ot trg 4.16

Hence, the equivalent parallel resistance of the Colpitts oscillator, tank circuit R, can be

expressed as:

= L 4.17

R

14
r(C1+CgS)(C2+CdS) v Cu  Cu
’C1+C2+ng+Cds C+C, C,+C,

By substituting in equation 4.14 into equation 2.7, the oscillation frequency is found to be

-1

W* = (G +C (G +Cy) n Cua n Cua 4.18
C1+C2+CgS+CdS C1+Cgs C, +C,

Frequency in Hertz can therefore be given by:

-1

L(Cl +Cgs)(c2 +Cg8)(1+ ng + ng J
C+C, + Cgs +C, G +Cgs C,+C,

= 4.19
Jo 27

Substituting equation 4.18 into 4.13 yields:

= Emi 420

l/' —_—
neg
C +C, +ng +C,

Finally referring back to figure 4.14, it is possible to determine the start-up conditions for this
Colpitts oscillator in terms of negative resistance as:

83



(c+C+C,+C,)
R =— 421

- C C
gm (Cl +Cgs)(c2 + Cds)[1+ C
1

gd

+—
+ CgS C,+C,

4.4 High Temperature Colpitts Oscillator

To demonstrate the accuracy of the model detailed in section 4.2 for determining the frequency
of an oscillator, a comparison between the predicted value and one obtained from SPICE
simulations was performed. The values of the characterised components at high temperature
were used in both the SPICE based simulation and the closed loop analytical equations
developed in the previous section. The components were then packaged into a hybrid module
circuit, which was fabricated on a commercially available aluminium oxide ceramic substrate

with gold interconnects and connected using gold wire bonding.

]
1
g
ka
n
o
=
=
A,
=~
—
=
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Figure 4.16. Schematic circuit topology for high temperature Colpitts oscillator

Fig 4.16 shows the circuit diagram of the fabricated high temperature Colpitts oscillator, with
the component values shown in the figure referring to those extracted at room temperature. For
testing the hybrid module was placed inside of a commercial oven, manufactured by Carbolite,
which operates with electronic temperature control. The frequency spectrum of the oscillator
was measured using an Agilent spectrum analyser, model number E4403B, which was directly

coupled to the RF output of the circuit under test.
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Figure 4.17 Comparison of calculated, simulated and experimental frequencies as a

function of ambient temperature

As can be seen from the data presented in Figure 4.17 the SPICE model (the data points labelled
as Frequency Simulated in figure 4.17) based on parameters extracted from the measured
characteristics of the high temperature components yields values that are significantly closer to
the experimental values than those obtained using the closed loop analytical equations (data
points labelled as Theoretical in the figure). However these analytical models do not accurately
model the parasitic capacitances and inductances in the hybrid Colpitts oscillator module, which

arise from the circuit layout and the packaging used for the components.

4.4.1 High Temperature Voltage Controlled Oscillator

The data in figure 4.17 compares the calculated, simulated and experimental frequencies of a
Colpitts oscillator as a function of ambient temperature. It is clear from the data in the figure
that the oscillation frequency decreases with increasing temperature. This shift is due to both the
increased capacitance density of the AIN dielectric capacitors used in the tank circuit and the
increasing parasitic capacitance of the active components, primarily the P-N junction of the

JFET which was discussed in the previous chapter.

To construct a working communication system, the receiver circuit is tuned to the specific
frequency of the oscillator generating the carrier waveform. Whilst it is possible to create
complicated receiver electronics capable of tracking a drifting signal, the challenge of then
demodulating information stored in the carrier signal becomes significantly more difficult. As a
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result it is far more desirable to directly control the frequency of the oscillator in the
transmitting system so that a constant frequency can result. For oscillator circuits based on LC

tanks this is commonly achieved with the use of a varactor.

A varactor is a two terminal electronic device, which is based on the p-n diode structure. In a
normal p-n diode, the reverse bias capacitance is minimised during fabrication to optimise the
high frequency operation. However in a varactor, it is this reverse bias capacitance which is
useful, since diodes in reverse bias exhibit a depletion region which varies with voltage.
Varactors are designed to have a capacitance which is inversely proportional to the square root
of the applied voltage. Although examples of silicon carbide varactors can be found in the
literature [16, 17], it is worth noting that as discussed in chapter 3 all diodes, including SiC

Schottky diodes exhibit this capacitance change characteristic.

Therefore it is possible to modify a high temperature Colpitts oscillator as shown in figure 4.16,
into a high temperature voltage controlled oscillator (VCO) by the incorporation of a SiC

Schottky diode into the circuit design, as shown schematically in Figure 4.18.

v

DD

Figure 4.18 Circuit diagram of a high temperature VCO module

Neglecting the effects of junction and stray capacitance on the frequency of the oscillation, the
addition of a reverse biased silicon carbide Schottky diode, D1, acting as a varactor effectively
places two capacitors, C; and D;, in series and the oscillator frequency excluding parasitics can

now be approximated by

Jo = l 4.22

2 T L Cl Ctot
Cl + Ctot

where C,, is the combined capacitance of the diode and C; in series.
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As described in section 3.2.4. the capacitance of a Schottky diode can be decreased by the

application of an external bias to the V,, port shown in Figure 4.17. The capacitance can be

described using equation 3.9, which is reproduced here for convenience

0.5 N 0.5
C= A(ﬁj D 423
2 ¢bi -V

Where A is the area of the diode, IV, is the doping level of the depleted region and ¢, is the

built in barrier of the junction. Equation 4.23 describes the variation of the depletion capacitance

with applied voltage for a uniformly doped drift region.
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Figure 4.19 Capacitance of a SiC Schottky diode with different applied voltage bias as a

function of temperature

The measured data in figure 4.19 shows the capacitance of a silicon carbide Schottky diode with
reverse bias as a function of temperature. The observed decrease in capacitance is caused by
increasing the depletion width of the device and hence decreasing the capacitance of the diode
this can be shown mathematically using parallel plate capacitor theory [14] but was also

discussed in more depth in section 3.2.4.

Hence, by controlling the bias applied to the 7, port of the circuit shown in figure 4.18 it is

possible to control the frequency of oscillation of the Colpitts circuit. Because the capacitance
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of D, is in series with C, , it is possible to control the capacitance of C,, of the tank circuit and

hence increasing the resonant frequency of the oscillator as described by equation 4.23. The

effect of this change in C,, on the resonant frequency can be observed from the data shown in

figure 4.20.
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Figure 4.20 Control of the oscillator frequency of a SiC VCO as a function of ambient

temperature

As shown by the experimental results in figure 4.20 it is possible vary the frequency of a SiC

colpitts based VCO so that a constant oscillation frequency can be achieved across a wide

temperature range by applying a bias toV, . The data indicates that with a suitable form of

feedback, it would be possible to stabilise the resonant frequency of the VCO circuit for
temperatures up to 573K. This would enable communications in environments where the
temperature is not stable over time, without the need for complex receiver circuitry. The control
of oscillator frequency with an applied bias can also be used to achieve direct frequency

modulation of the carrier wave and thus enable FM based communications systems.

4.5 Modulation

Modulation is the term used to describe the process of varying one or more properties of a
periodic waveform. One waveform called the carrier signal is modulated with a secondary

signal, which typically contains the information to be transmitted [19].
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Figure 4.21 Example Waveforms showing a) Amplitude Modulation, (b) Frequency
Modulation, (¢) Phase Modulation.

There are three principle methods of modulating a carrier waveform and they can be
implemented in an analogue or digital fashion. As shown by the schematic representations in
Figure 4.21 (a), (b), (¢) of Amplitude Modulation (AM), Frequency Modulation (FM), and
Phase Modulation (PM) schemes are possible.

In an analogue Amplitude Modulation scheme, as shown in Fig 4.21 (a), a carrier waveform of a
set frequency is combined with an analogue information signal by means of modulating the
amplitude of the carrier signal. Fig 4.21 (b) is an example of a digital Frequency Modulation
scheme, where the amplitude of the carrier waveform remains constant whilst the frequency is
varied between two distinct states to represent the mark and space of a binary number. An
example of a digital Phase Modulation scheme is depicted in Figure 4.21 (c), where the phase of

the waveform is shifted by 180° to indicate the different binary numbers.

All methods of modulation methods create varying spectral effects. In this work only simple
Single Side Band Amplitude Modulation (SSB-AM) and direct FM were achieved. In the case
of SSB-AM mathematical analysis and documentation of original AM patent [20] reveals both
the simplicity of circuit design in early transmitters but also highlight its effects upon the
spectrum. A SSB-AM modulated signal has three components: the carrier wave which is the
oscillator frequency, and two pure sine waves (known as sidebands) with frequencies slightly

above and below the carrier frequency due to the signal imposed upon it.
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In the case of FM modulation the spectrum deviates away from a centre frequency provided by
the oscillator, creating a band of frequencies which contain transmitted power dependant upon
the frequency of the modulated data source. The true frequency spectrum of a FM signal has
components extending infinitely, although their amplitude decreases and higher-order

components are often neglected in practical design problems. [21, 22]

4.5.1 High temperature Amplitude Modulation

v
SRR

Figure 4.22 Schematic block diagram of an analogue AM communications system

Figure 4.22 shows a schematic representation of an analogue Amplitude Modulation (AM)
communications system. Here the analogue signal relates to the measurand of the sensor and
could be produced using a sensor either directly or through amplification electronics. AM
modulation can be achieved by varying the amplitude of the oscillator output depending on the
magnitude of the sensor signal utilising a mixer circuit. This creates a simple communications

system, where the signal can then be amplified into the antenna for transmission.

Utilising SPICE models for the silicon carbide components in the circuit (i.e. the JFET and
Schottky diode) in combination with the temperature dependence of the passive component
characteristics, it is possible to design, simulate and construct a high temperature colpitts
oscillator. In this work the world’s first demonstration of amplitude modulation at 280°C was

realised [23].

Referring back to the schematic representation of the Colpitts oscillator shown in Figure 4.15,
the capacitance of C and C, were 68pF and 82pF respectively and were selected from the large

number of devices fabricated on a single die for their low leakage current under applied bias, as
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discussed in the previous chapter. A high temperature printed circuit board fabricated using a
commercial ceramic substrate with electrochemically deposited gold tracks was fabricated. The
electrical tracks included a spiral inductor designed for an inductance of 1.4pH, designed to
give an oscillation frequency of approximately 22MHz using equation 3.39. The output of the

oscillator was connected to a 1K€ load resistor and the circuit was powered from a 12V DC

supply, connected to the drain of the JFET (denoted by Q in figure 4.18).
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Figure 4.23 Spice simulation of the self starting of a Colpitts oscillator

Simulation of the circuit performance using a SPICE tool (Multisim 9.0 by National
Instruments) and the JFET models developed in the previous chapter show that the oscillator is
capable of self starting, as can be seen from the data shown in figure 4.23. A further
modification to the Colpitts oscillator by the addition of a second transistor in the output stage
of the circuit, as shown schematically in figure 4.24, enables amplitude modulation of the

oscillation.

It is possible the change the amplitude of the feedback signal observed at the gate of JFET (),
by utilizing the second JFET, denoted as O, , as a variable resistor. Using a negative bias on the

gate of O, , which behaves in a manner similar to the input bias V,

Yl

in figure 4.18, it is possible

to control the channel resistance of the JFET channel and therefore the magnitude of the
feedback signal to the gate of ), . This allows direct control of the amount of power that the

oscillator passes through the JFET thus controlling the amplitude of the wireless signal.
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Figure 4.24 Circuit schematic for high temperature modulation

The output oscillations from this circuit can be observed in the data shown in fig 4.25. A IMHz

sinusoidal modulation signal was fed into V',

i » Which has the effect of varying the channel

resistance of the JFET (, . This change in resistance results in differing power levels being

available at the output — denoted as V/

out

in figure 4.24. This variation directly modulates the

feedback seen at tank circuit and gate of (), , which is shown as voltage V, in figure 4.25. This

can be observed in the data from the increase in the amplitude of the carrier signal when a

negative bias is applied to /. In contrast the application of a positive bias below the turn on

voltage of the gate-source p-n junction in JFET (J,, the observed amplitude of the carrier signal

at V, decreases.
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Figure 4.25 Simulated output characteristics of the circuit shown in figure 4.24
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This can ultimately be used to create an amplitude modulated signal at the JFET gate which is
also the signal transmitted through the inductor. In order to experimentally verify these
simulations, a hybrid module was then assembled using a Imm thick aluminium nitride
substrate, onto which a seed layer of 10nm chrome was deposited followed by 250nm of ebeam
deposited gold. The gold layer on the substrate was then electroplated to a thickness of
approximately 8 pm, to reduce track resistance of both the interconnects and spiral inductor.
The capacitors used in this circuit were HfO, dielectric MIM capacitors with a thickness of
60um and had electrical values of 68pF and 82pF for C; and C; respectively. The devices were

selected after characterisation based on the low leakage current demonstrated, with both devices
showing a leakage current in the low pA range at a bias of 5V. The spiral inductor, L, , was a

gold spiral patterned directly onto the substrate, which was measured using an Agilent 4284A
LCR bridge at IMHz, showing an inductance of 1.4uH and a resistance of 4.8€Q2. These values
match those predicted theoretically, using the equations and method described in section 3.6.
The high temperature hybrid circuit was realised by bonding the capacitors and JFETs to pads
on the gold interconnects using SilverPrint epoxy and baked in ambient conditions at 150°C for

1 hour before the electrical connections were made using wedge bonding with 20um gold wire.

The circuit was heated using a pyrolytic boron nitride ceramic heater controlled by a Lakeshore

model 325 temperature controller. The power to the circuit was supplied from an Agilent
E3640A DC Power Supply, with the modulation signal to the gate of (0, controlled with a

Keithly 2410 Source Meter, using probes directly on to the gold interconnects. The frequency

spectrum of the oscillator was measured using an Anritsu MS2721B Spectrum Master analyser
connected directly to ¥ . and the amplitude of the RF signal was measured through an external

aerial attached to a Tektronix TDS3045C oscilloscope.

With the gate to (), held at -8V, the application of a modulation signal to the gate of the control

JFET Q, varied the amplitude of the output signal as shown by the data in Fig. 4.25. For biases

between -2.5V and approximately -3.5V, a more negative modulation voltage increases the
channel resistance for JFET Q.. As previously described this results in a higher power level at

the point denoted by Vo and so an increased magnitude of the output signal is observed.
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Figure 4.26 Relative amplitude of the output signal with varying voltage bias

After this point the resistance of the JFET ((J,) channel begins to reduce the amount of current

flowing through the circuit, thus causing the amplitude of the signal to decrease. The results
show that it is possible to vary the voltage to achieve amplitude modulation in two bias regions

which are indicated as A and B in figure 4.26.
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Figure 4.27 Signal amplitude as a function of voltage bias in region A
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However using the higher bias region (denoted as B) the oscillations showed an increase in
frequency with increasing bias. This is a non-desirable result from a circuit perspective as it
would require a high level of sophistication in the receiver electronics and therefore region A
was utilised in the modulation of the oscillators amplitude. As shown by the data in figure 4.27,
the observed output modulation in this region is not linear due to the transconductance of the
JFET. The applied gate voltage does not increase the channel resistance linearly, but instead
follows a square law relationship as is expected from theoretical consideration of the JFET

operation, as discussed in section 3.2.

The frequency spectrum of the oscillator operating at 280°C is shown by the data in fig. 4.28.
Here the gate of (J, was held at a bias of -3.5 Volts to coincide with the maximum signal

amplitude, as shown by the data in figure 4.26. The observed peak frequency of the module
was 65dBm above the background noise, with a full half width maximum of approximately 7.2

kHz.

Due to the lack of an RF output amplifier coupled to the Colpitts oscillator the circuit would
have been unable to drive the 50 Ohm impedance of the input to an Anritsu spectrum analyser
antenna port. The construction of the test rig to heat the circuit to 280°C and the expense of RF
probe was prohibitive. The Anritsu spectrum analyser was placed within 1m of the oscillator

which a low frequency antenna attached.
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Figure 4.28 Frequency spectrum of AM colpitts oscillator at 280°C

The frequency of the oscillations was measured as a function of temperature to determine the
shift. As shown by the data in Figure 4.29, the frequency drops with increasing temperature and

this decrease is dominated by the increase in capacitance density observed in the HfO, MIM
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capacitors [24, 25], but also the parasitic capacitances within the SiC JFET increase with
temperature. These effects can be seen in figure 4.29 where the peak frequency can be seen to

shift down in value as a direct result of capacitance density increase.
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Figure 4.29 Oscillation frequency of a colpitts oscillator as a function of temperature

The data shown in figure 4.30 shows a decrease in signal amplitude with an increase in

temperature whilst Q, is held at -3.5V to obtain maximum amplitude and transmitted power.

The data shown in figure 4.30 demonstrates that the amplitude of the oscillator signal decreases
with temperature. For a high temperature communications system based on Amplitude
Modulation to be effective, a method for stabilising the signals amplitude with temperature
increased would need to be constructed. This outlines the disadvantage of AM as a modulation
scheme, as it becomes more difficult to separate an intentional amplitude modulated sensor

signal from the background effects on the components caused by elevated temperature.
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Figure 4.30 Maximum signal amplitude as a function of temperature

4.5.2 High Temperature Frequency Modulation

It is highly likely that hostile environments will include sources of radio frequency interference
or noise which will significantly reduce the fidelity of any data transmitted using an amplitude
modulation based system. Frequency Modulation communication schemes are inherently more
resilient to these sources of noise than Amplitude Modulation schemes [19] and so they are
more likely to be suitable for deployment in these environments. Furthermore FM requires a
wider signal bandwidth than amplitude modulation by an equivalent modulating signal; this also
makes the signal more robust against noise and interference. Frequency modulation is also more

robust against signal-amplitude-fading phenomena.

Shown in figure 4.31 is a schematic block diagram of a conceptual Frequency Modulated

communication system.

Voltage
|:> Amplifier |:> Controlled |:> Amplifier |:>
Oscillator

Figure 4.31 Block diagram of simple FM Transmitter

As demonstrated by the data from the high temperature voltage controlled oscillator discussed

in section 4.3.1, it is possible to create high temperature circuits capable of direct frequency
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modulation. By replacing the Oscillator and Mixer sections of the circuit depicted schematically
in Figure 4.22 with a high temperature colpitts VCO, direct frequency modulation of the carrier

waveform can be achieved [26].

One possible utilisation of this concept is in a sensing application, where the sensor signal
would pass through filtering and amplification (signal conditioning) circuits, before being
applied directly to the Varactor diode controlling the frequency of a voltage controlled
oscillator. This Frequency Modulated signal would then be amplified and fed into an antenna to
create an analogue Frequency Modulated signal which is controlled by the sensor and hence act

as a simple communications system.

However the communications scheme could also be digital, as shown in figure 4.21 (b). This
form of digital communication scheme is called Frequency Shift Keying (FSK), in contrast to
the Amplitude modulated counterpart, which is called Amplitude Shift Keying (ASK). In a
realistic circuit which is not based on the use of high performance digital circuitry, Frequency
Shift Keying is achieved by the choice of two frequencies (or more in the case of Multiple
Frequency Shift Keying (MFSK)) to represent digital information. Similarly Amplitude Shift
Keying can be achieved by choosing and transmitting two or more amplitudes (MASK) of the

same frequency to represent digital information.

Utilising the circuit shown in figure 4.18, a demonstration into the feasibility of Frequency Shift
Keying at high temperature was conducted. A separate hybrid circuit was measured at
temperatures up to 300°C through the use of a hotplate in the same fashion as discussed in the

previous section. The oscillation frequency of the circuit for different levels of reverse bias
applied to the Schottky diode (D, ) was measured and the resulting data are shown in figure
4.32. The data shows that there are regions where the frequency of the oscillator can be
controlled linearly by the application of an external voltage to [, in the range of 0.75 and 1.5V

across the entire temperature range studied.
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Figure 4.32 Linear regions of oscillator frequency change

The data in figure 4.33 shows binary Frequency Shift Keyed modulation from the silicon
carbide oscillator circuit operating at 300°C. The measurements were captured by an Anritsu
spectrum analyser connected to the circuit output. The data shows two distinct peaks,
corresponding to the frequencies produced by the oscillator when digital signals are applied
directly to a Voltage controlled oscillator circuit which is identical to controlling the capacitance

on a Schottky diode as discussed in section 3.2.4.
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Figure 4.33 Spectrum showing Frequency shift keyed Modulation (where 0 is the

frequency of the carrier waveform)

Among the different modulation schemes available, Frequency shift keying systems are the
most power efficient. This is highly beneficial for sensing systems which are often designed to
be self powered from energy harvested from the ambient environment. The most significant
disadvantage is the highly inefficient use of bandwidth whereby all frequencies between the
carrier frequency and the shift key frequency cannot be utilised [27]. However there is a special
case of Frequency Shift Keyed Modulation, Minimum Shift Keying, which can be viewed as an

attractive alternative to the more commonly used Phase Shift Keyed Modulation.

4.6 Conclusions

This chapter demonstrated the importance of accurate modelling of components to determine
high temperature oscillator frequencies. Numerical, simulation and experimental results of a
high temperature oscillator have demonstrated that all parasitic elements must be considered in

calculating an accurate oscillation frequency.
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This work demonstrated the world’s first high temperature wireless transmitters, with both
Amplitude Modulation (AM) and Frequency Modulation (FM) communication circuits capable
of operation at 573K achieved for the first time.

The AM oscillator operated at a maximum temperature of 553K and at a frequency of 19.4MHz
with a signal amplitude 65dBm above background noise. Realised from JFETs and HfO,
capacitors, modulation of the output signal was achieved by varying the load resistance by use
of a second SiC JFET. By applying a negative signal voltage of between -2.5 and -3V, a 50%
reduction in the signal amplitude was achieved. Temperature drift in the characteristics was also
observed, with a decrease in resonant frequency of almost 200 kHz when the temperature
changed from 300K to 573K. This decrease is due to the increase in capacitance density of the
HfO,; MIM capacitors and increasing junction capacitances of the JFET used as the amplifier

within the oscillator circuit. [21]

Direct frequency modulation of a SiC voltage controlled oscillator was demonstrated at a
temperature of 573K with a resonant frequency of 17MHz. The circuit was realised from an SiC
JFET and AIN capacitors with a SiC Schottky diode (SBD) used as a varactor. It was possible to
vary the frequency of oscillations by 100kHz with an input signal no greater than 1.5V being
applied to the SiC SBD. The effects of temperature drift were more dramatic in comparison to
the AM circuit at 400 KHz over the entire temperature range, a result of the properties of the

AIN film which causes the capacitors to increase in capacitance density by 10%. [26]

The physical design of the Colpitts oscillator specifically lends itself to miniaturisation,
featuring a capacitive feed-back path, over the inductive feed-back path in the Hartley oscillator.
This not only provides greater frequency stability, but the design naturally lends itself to
miniaturisation by incorporating on chip capacitors due to the compact design and use of

physically smaller components, whether they are discrete or incorporated on chip.

The Colpitts oscillator also demonstrates an inherently more powerful self starting ability than
the Clapp oscillator, which results in the allowed utilisation of lower value components, which
are typical of those used in the development of prototypes. [13] This work demonstrates that LC
oscillators provide a simple solution for producing high frequency sine waves. These circuits
contain a tuned LC tank and an active device arranged in an amplifier layout, they are
particularity useful in situations where the energy supply can be intermittent due to their self

starting ability [28].
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Chapter 5: Energy Harvesting in Extreme

Environments

5.1 Introduction

In chapter 3 the characteristics of both active and passive high temperature components were
discussed and their suitability for use in creating elevated temperature circuits considered.
Chapter 4 described the construction of oscillator circuits operable at high temperature and how

these form the basis for numerous electronic systems, including communication systems.

Circuits containing devices fabricated from silicon carbide have the ability to operate in extreme
environments, including those with high temperature and high radiation flux. These
environments are dangerous and in the case of high radiation dose, potentially lethal to humans
and therefore maintenance of any electronic system placed within such an environment is
required to be minimal [1, 2]. This places significant constraints on the system in regard to the
power available during operation: either the power consumption must be in the nW range or the
circuit must become self sufficient by harvesting its energy requirements from the ambient. For
a wireless sensor node, the power required for the communication of data requires a power level
that is closer to the mW level, especially in an electrically noisy environment and so this
precludes the design of a circuit with nW consumption. Hence, the desire to place wireless
sensor nodes in extreme environments will require the realisation of energy harvesting and
power control circuits that can operate in these hostile conditions. This requirement is not a
factor when developing traditional silicon wireless sensor modules, which allow a system
designer more flexibility when choosing a power source. Usually a silicon based wireless sensor
node is designed with a battery for the power source, as it offers simple replacement, but the
hostility of the environment in which silicon carbide components can operate severely restricts
the choice of battery. For example the majority of commercial batteries are not rated for
temperatures above 85°C and zebra batteries contain chemicals such as lithium that are not

suitable for use in high radiation dose environments.

These factors combined with the explosion of research literature in the field of energy
harvesting devices for powering traditional silicon based wireless sensor nodes, supports the
vision of silicon carbide based wireless sensor nodes that are powered from energy harvested
from the extreme conditions in the environment. This chapter describes the development of the
world’s first energy harvesting system in silicon carbide technology designed to power a radio
frequency communications system similar to those described in chapter 4.
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5.2 Experimental

5.2.1 Energy harvesting technologies

There are multiple sources of ambient energy which are accessible in a typical hostile
environment, including vibration, thermal gradients and light. In this study, the intended
application is a monitoring system on the primary coolant loop of a nuclear reactor, so that the
temperature on the loop is approximately 300°C [3] with an ambient of around 50°C in an
environment lit by fluorescent tubes. Each of these energy sources requires a different
technique to convert the energy into a useable DC power supply, whilst in conventional silicon
electronics power levels and efficiency are optimised, experimental techniques discussed in the

previous chapter demonstrate SiC RF circuits need to be in the region of 10mA at 12V.

5.2.2 Vibrational Energy Harvesting

Harvesting energy from vibrational sources requires either an electromagnetic energy harvester
[4] or alternatively a piezoelectric material [5]. The physical method for generating energy from
these sources is similar and features a structure such as a cantilever or spring with the ability to

move.
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Figure 5.1 Examples of (a) an electromagnetic energy harvester and (b) a Piezoelectric

energy harvester [5]

Figures 5.1(a) and (b) show schematic diagrams of an electromagnetic harvester and a
piezoelectric harvester. In general techniques to harvest vibrations are less well developed than

both light and heat energy harvesting technologies. For example more research is required into
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high temperature piezoelectric materials for use in extreme environments [7] to avoid problems

with a low polarisation temperature [8]

Directly related to the need for research into piezoelectric materials, is the small power levels
that can be harvested using this technique, compared to both light and heat energy harvesting
technologies. Piezoelectric structures generate maximum energy at resonant frequency of the
structure, large structures have lower resonant frequencies more commonly found in mechanical
systems, and these often need to be tuned with a weight to achieve maximum power output.
Based on results that are published in the literature, the power available from piezoelectric
harvesting is approximately three orders of magnitudes less than either optical or thermal
gradient techniques. Hence, for piezoelectric based systems, the energy management circuits
require a greater complexity, such as the ability to pre charge the piezo cantilever during
operation [9] and a far greater power efficiency, coupled with a high input impedance. The
limitation in circuit complexity currently possible with silicon carbide components greatly
restricts the circuit designer and at present silicon carbide devices are insufficiently mature to
offer the input impedance required to control the extremely low power generated by a

piezoelectric energy harvester.

5.2.3 Photovoltaics

One of the most mature energy harvesting technologies is the use of photovoltaic cells and these
are being utilised in systems that range between mW for sensor nodes to MW for solar farms
connected to the energy supply grid. Current research grade silicon cells are capable of
producing energy efficiencies in the range of 20-30% [10]. However semiconductor based
photovoltaic cells give maximum efficiencies at wavelengths which are specified by the
bandgap of the semiconductor. In the case of silicon carbide the wide bandgap (Eg=3.23eV)
gives the strongest absorption in the ultra violet portion of the spectrum (A=383nm) and so
silicon carbide based photovoltaic cells can only generate power with illumination in the ultra
violet. However the atmosphere absorbs light in the ultra violet and so this limits the suitability

of silicon carbide solar cells for the generation of power outside [11].
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Figure 5.2. Example of Photovoltaic energy harvesting system
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Shown in figure 5.2 is an example of a simple energy harvesting system utilising a photovoltaic
cell, here it is assumed that the solar cell can produce a voltage sufficiently high enough to
power the system load. Work in the literature has shown that it is possible to use SiC PiN diodes
to charge up hafnium dioxide capacitors using a Schottky diode to prevent reverse leakage back
into the cell. It should be noted however that both the current generated and the storage
capacitors in this work were too small to actually power a system load. It does however
demonstrate the possibility of utilising larger PiN diodes or an array to provide enough power

for a system load. [12]

5.2.4 Thermoelectric harvesters

Thermoelectric generators (TEGs) are energy harvesting devices capable of producing relatively
large current levels, at lower voltages which are typically in the order of one volt. They act as
heat engines by harvesting energy from the heat flow generated by a thermal gradient across the
device through a phenomenon known as the Seebeck effect [13]. The figure of merit for a
thermoelectric material for a given application is determined by ZT, where T is the absolute

temperature, and Z is the figure of merit defined as:
=S50,

Where S is the Seebeck coefficient, o is the electrical conductivity, and & is the thermal

conductivity. [13]

Equation 5.1 indicates that a good Thermoelectric (TE) material must have a high Seebeck
coefficient, high electrical conductivity, and low thermal conductivity. Currently available TE
materials used in commercial devices for power generation are alloys of PbTe with ZT =1 at
500°C and SiGe with ZT = 0.6 at 700C, values for ZT are varied across the literature and these
values are to give example of possible ZT. [14] Figure 5.2 shows typical variation of ZT as a

function of temperature for different commercially relevant TE materials
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Figure 5.2. ZT values of numerous different TE materials [15]

Thermoelectric generators are constructed out of pairs of ‘legs’ manufactured from p and n
semiconductor materials. These are connected electrically in series, but thermally in parallel
between a hot contact (heat source) and a heat sink (cool side), as shown in the structural

schematic in figure 5.3

- =2
-

v
A

—

Figure 5.3 Schematic cross section of a thermoelectric generator
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In this work the performance of a standard off-the-shelf TEG manufactured by Marlow (product
number TG 12-801L with a face area of 1600mm?) was characterized in terms of the electrical
output as a function of temperature difference between the hot and cold surfaces. A ceramic
hotplate controlled by a Lakeshore temperature controller was used to provide a controlled
temperature heat source whilst a thermocouple embedded into the base of a heat sink cooled by
means of forced air cooling provided the cooler side, creating a measurable temperature gradient
across the device. The measurement system was closed loop controlled by a LabView program
and the electrical output from the commercial TEG used in this study is shown by the data in

Fig. 5.3.
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Figure 5.3. Electrical Output of commercial TEG

As shown by the data in Figure 5.3, thermogenerators are capable of producing a power level of
around half a watt for a temperature difference of 59°C. This temperature difference is the
equivalent of placing a hot coffee on the upper surface of the generator. The data in the figure
also shows that the maximum power is delivered from the thermogenerator at half the maximum
voltage for any given temperature gradient. This point is referred to as the maximum power
point. It is worth noting that the voltage levels for the maximum power point are significantly
lower than the voltages used to run the oscillator circuits shown in chapter 4 and further are
smaller in magnitude than the gate voltage required to completely turn off a SiC JFET, as shown

by the data in section 3.3.3
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In order to run SiC electronic circuits effectively a higher power supply voltage will be required

from the generator. Whilst it is possible to use multiple generators connected electrically in

series to increaseV,

whilst maintaining the current level, it requires a significant amount of
space. An alternative approach is to design a boost or step up converter to increase the voltage
from a single generator. This method has the potential to significantly reduce the space
requirement as electronic components are smaller than additional generators, however the

current level available to the silicon carbide circuit is reduced.

5.3 Step Up Converter

Fundamental to the operation of any magnetic boost converter is the tendency of an inductor or
transformer to resist changes in current. A physical inductor is created by controlling the shape
of a conductor and through the choice of the material with which it makes contact. In general
they consist of coils of wire wrapped around an insulating material to increase the inductance.
When current flows through an inductor, energy is stored temporarily in a magnetic field in the
coil, as this current changes, the time-varying magnetic field induces a voltage in the inductor
winding according to Faraday’s law of electromagnetic induction in the opposite direction to the
change in current. The inductance is related to the magnetic flux generated within the inductor

for a specified current flow, as expressed by equation 5.2.
L=2 5.2
i

The current flowing through a conductor will generate a magnetic field, thus all conductors
show some inductance. In order to increase inductance, the conductor is shaped into a coil, this
increases the number of times the magnetic flux lines link the circuit, therefore increasing the
field and hence the inductance. By increasing the number of coils it is possible to increase the
inductance further. Further enhancement is possible by wrapping the conductor on a
ferromagnetic or ferrimagnetic material, so that the magnetising field from the coil will induce
magnetisation in the material, increasing the magnetic flux and hence the inductance. Any
change in current through an inductor creates a changing flux, which induces a voltage across

the inductor.

From Faraday’s Law of Induction the induced voltage can be expressed as;

L_ds

= 5.3
dt

Substituting equation 5.2 into 5.3 gives;
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Hence inductance is also a measure of the amount of electromotive force (voltage) generated per

unit change in current.

Figure 5.4, depicts a standard schematic representation of a step-up or boost converter topology.
The circuit topology is based on the use of a magnetic component, in the form of an inductor

that acts as an energy store, in conjunction with a switching device and a rectifying device.

e i
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Figure 5.4. Standard step-up converter topology

A step up converter has two distinct states; the switching element can either be open or closed
as is shown in figures 5.5 (a) and (b). With the switch closed current flows in a clockwise
direction in the circuit, through the inductor and switch. During this stage of the operation the
current flow through the inductor results in energy being stored in the magnetic field. The
potential at the left end of the inductor is positive as the right end is essentially connected to

ground, via the switch which is assumed to have a low on-state resistance.
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(b) Current flow with switch open

Figure 5.5 Diagram showing current flow in the different operating states of a step up

converter

Once the switch has been opened, the current through the inductor is reduced as the impedance
of the circuit is increased, due to the low resistance connection to ground being removed. The
inductor opposes this change in current flow by inducing a voltage, which results in the polarity
of the inductor becoming reversed, i.e. the left side of the inductor becomes negative with
respect to the right. As a result the voltage across the inductor and the voltage source are
connected in series, resulting in a higher voltage, which charges the capacitor through the diode.
A boost converter has two modes of operation; continuous and discontinuous, the distinction
between these is controlled by the frequency of operation and the duty cycle which the switch is

open or closed. [16, 17, 18]

5.3.1 Continuous mode operation

When a boost converter is operated in continuous mode, the current flowing through the

inductor never falls to zero. Typical waveforms depicting the currents and voltages of a

converter operating in continuous mode are shown in figure 5.6. It can be seen that during 7,
with the switch closed, the current through both the switch (/) and inductor (/, ) rises, then

when the switch is turned off the current flows through the diode (/,,). In the case of an ideal

converter, without the inclusion of parasitic elements, the output voltage can be calculated using

the following analytical expressions.
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Figure 5.6: Waveforms of current and voltage in a boost converter operating in

continuous mode

Whilst in the On-state, the switching component is closed, which makes the input voltage (V})

appear across the inductor, this causes a change in the current flowing through the inductor

during a time period (t), this can be represented by equation 5.5:

AL,V
i 5.5
At L
At the end of the On-state, the increase in the inductor current can be expressed as:
1 ¢or DT
Al, =—| Vdt=—-V, 5.6
o LYo L

Where D is the duty cycle, which represents the fraction of the commutation period during
which the switch is On. Therefore D ranges between 0 where the switch is never on and 1

where the switch is always on.

During the Off-state, the switch is open, so current flowing through the inductor flows through

the load. With ideal components, assuming a zero voltage drop across the A/, diode, and a

capacitor large enough for its voltage to remain constant, thus:
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Therefore, the variation of /, during the Off-period is:

1 [ — 5'8

AR AT

Assuming the converter is operating in the steady-state condition, the amount of energy stored
in each of its components has to be the same at the beginning and at the end of a commutation
cycle. Specifically, the energy stored in the inductor is given by:
1.
E=—LI, 5.9
2
As the inductor current has to be the same at the start and end of the commutation cycle, the

overall change in current is zero:

Al, +AI, =0 5.10

Substituting A/, and 7/, ] by their expressions yields:

Al, +AI =KDT+(K_V;)(1_D)T=O 5.11
Lon Loy L L

This can be rewritten as:

vo__ 1 5.12
7

D=1-— 5.13

This expression demonstrates that the output voltage is always greater than the input voltage (as

duty cycle goes from 0 to 1), and that it increases with increasing duty cycle.

5.3.2 Discontinuous mode operation

In discontinuous mode, the inductor may be completely discharged before the end of a whole

commutation cycle and this generally occurs when the converter has a low output current, often
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referred to as operating under light loads. In this case, the current flowing through the inductor

falls to zero during part of the period as shown by the waveforms in figure 5.7.
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Figure 5.7: Waveforms of current and voltage in a boost converter operating in

discontinuous mode.

The difference between continuous and discontinuous mode has a strong effect on the output
voltage equation. As the inductor current at the beginning of the cycle is zero, its maximum

value is given by:
I, =—— 5.14

During the off-period, I, falls to zero after D2x T,
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=V )D2xT
(l ) XS:O

I, + - 5.15
‘Max L
By combining equations 5.12 and 5.13, it is possible to obtain
V.-D
D2xT =— 5.16
V-,

o

The load current, [, is equal to the average diode current (/). This can be seen in figure 5.7

where the diode current is equal to the inductor current during the off-state. Therefore the output

current can be expressed as:

I, =1

o D

IL
=—2=D2xT, 5.17

Replacing the values with their respective expressions yields:

V.DT  V.D VDT
I X = 5.18
AT

v, VDT
21+ 5.19
v, 2Ll

Whilst this expression is more complex than used to describe continuous operation, it shows
that the output voltage gain not only depends on the duty cycle, but also the inductor value,

input voltage, switching frequency and the output current [19, 20].

Whilst working in the continuous mode would be beneficial in terms of mathematical
simplicity. Discontinuous mode is preferable in some situations particularly if you're operating

at low power levels, where losses due to ripple current isn't a significant factor in efficiency.

5.4 A Novel high temperature boost converter

Whilst a boost converter will operate with any switch, converters utilising this step up topology
usually employ a semiconducting device to provide the switching component. Any type of
semiconducting device can be used here, depending on the circuit application and power
requirements, the control for the switching of the converter can be as complex as a user requires.
In typical consumer electronics the switching device is usually an enhancement mode device
such as a MOSFET, and the control circuitry has the advantage of being able to run off a power

source with such as battery. These conditions, along with the progress in conventional CMOS
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technology have led to the availability of numerous converter integrated circuits, where both the

converter and switching circuitry are powered from the same supply.

In this silicon carbide energy harvesting application, the power source is a TEG, which is a low
voltage, high current source, which harvests energy from a thermal gradient. Due to limitations
imposed not only by the power source but also the technology maturity of silicon carbide, a
converter is required which is able to self start and operate on a very low input voltage, whilst
producing an output voltage of sufficient magnitude to power the sensing and communication

circuitry required to realise a wireless sensor node.

One of the criteria for a boost converter is a form of switching waveform to control the

semiconducting device making it alternate from on to off state and vice versa. This switching
waveform must be of a magnitude equal to or greater than, the V;,, of the silicon carbide JFET,

as this is a depletion device it must also be of negative value in comparison to the drain voltage

across the switching device.

Because of the low level of technological maturity of silicon carbide and the intermittent nature
of the power supply expected from energy harvesters, this waveform must be generated
automatically from the voltage levels provided by the TEG and must also be self starting i.e. it
must be able to be placed in an environment and have the ability to operate without outside
interference. To meet all the required criteria, a novel high temperature self oscillation boost

converter topology was developed based on the operating principles of a blocking oscillator.

5.5 Blocking Oscillator

The Blocking oscillator is an astable multivibrator consisting of a pulse transformer and an
amplifying component. Before the invention of the transistor, blocking oscillators were
constructed using thermionic valves, and utilised in numerous timing and triggering applications
[21]. Although the operating principles are different between thermionic valves and
semiconductor technology, it is worth noting that the electrical characteristics of JFETs and
thermionic valves are surprisingly similar and this allows JFETSs to be used directly in the place
of valves. Thermionic valves are classified as being of two generic types — pentode and triode —
depending on their electrical characteristics and the simplest replacement with a JFET is for

circuits based on a pentode valve.

The pentode consists of an evacuated glass envelope containing five electrodes; a cathode
heated by a filament, a control grid, a screen grid, a suppressor grid, and a plate (anode) as

indicated in figure 5.8.
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Figure 5.8. Circuit symbol of a pentode

With the addition of a screen and suppressor grid the pentode proved a far better voltage
amplifying device than the earlier triode and tetrode devices and had current-voltage
characteristics analogous to modern solid state transistors. The electrical characteristics shown
in figure 5.9 are the current-voltage behaviour of (a) a pentode device and (b) a silicon carbide
JFET device. It is worth noting that the pentode behaviour of the JFET structure is only true for
long channel devices operating in the low electric field regime and the existence of short
channel effects, as are commonly observed in high voltage power device structures [22] give
rise to triode type behaviour. Pentode valves became obsolete, overtaken by the progress made
by solid state transistors however they are still used today mainly in high power, high frequency

industrial applications, specifically radio transmission.

(a) (b}

Figure 5.9. Comparison of representative I-V Characteristics of (a) Pentode thermionic
valve and (b) Silicon carbide JFET

The schematic in figure 5.10 shows a comparison of the simplest form of blocking oscillator
circuit based on the use of both valve and JFET technology which can be constructed as shown

in figure 5.10.
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(a) (b)

Figure 5.10. Schematic circuit representation of a blocking oscillator utilising (a) pentode

thermionic valve (b) JFET

In the case of the pentode based blocking oscillator, a diode is often added across the input
transformer to prevent unwanted ringing. Whilst a diode can be utilised in the JFET version for
the complete replication of the valve circuit, it can be removed without producing the parasitic
oscillations that are observed with a pentode. By removing the diode it can be seen in simulation
that when the JFET is switched off large voltages can be produced at the gate of the JFET, as

shown by the simulated waveforms in figure 5.11 specifically Gate voltage without diode.
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Figure 5.11. Differences in waveforms of blocking oscillator with and without diode

As with valve technology the addition of a resistor capacitor network can be used to control the

frequency of a blocking oscillator. Generally, this RC network is connected to the control grid
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of the valve or in the case of the JFET circuit it is placed to provide negative feedback to the

gate connection as shown in figure 5.12.

_Vin_

|

Figure 5.12. JFET based blocking oscillator with RC control

The RC network can be used control the blocking oscillators frequency, but the variation in
frequency achieved by controlling either the capacitance or resistance are limited and
mathematical methods of deducing the accurate predictions of oscillator frequency are limited in
scope [23]. The properties of the transformer windings cause a greater variation in operating
frequency and as expected smaller valued inductances on both the primary and the secondary

cause the frequency of oscillation to increase.

5.5.1 Theory of JFET blocking oscillator without RC network

As mentioned in the previous section, an RC network can be used to vary the frequency of
oscillations in a blocking oscillator. However, its suitability for use in these circuits is limited
by the inability to accurately predict the fundamental oscillation frequency. It is apparent in the
simplest form of the blocking oscillator topology that no capacitor is required to produce
oscillations. In this case, the RC network is formed by the parasitic capacitances within the
FET and associated circuit. Following the conventional blocking oscillator theory for an RC
dominated oscillation frequency, the predicted value would be orders of magnitude higher than
observed experimentally. For example, using the junction capacitance of a similar JFET, which
was extracted in chapter 2 gives a value of approximately 27pF over the temperature range
studied. Utilising equation 4.5 with a primary inductance of S0uH primary inductance (which is
typical for the circuits described in this thesis) an oscillation frequency of approximately

4.5MHz is predicted, as shown in equation 5.20.

120



1

f, = — 4 5MHz 5.20
2725%x1072 x50 107

This leads to the general conclusion that frequency is determined by the relationship between
the transistor and the inductance of the transformer [16, 21]. Mathematical analysis of blocking
oscillators is not covered extensively in the literature and methods to predict frequency have
proved inaccurate. The majority of the literature concentrates on blocking oscillators
constructed using bipolar junction transistor structures and the formulas do not lend themselves
to describing a circuit based on the use of a JFET [23]. However the availability of SPICE now
allows circuit designers to simulate circuits more rapidly and through the use of SPICE and
numerical methods a novel formula to predict oscillation frequency is presented. This formula
is only based on the properties of the JFET transistor and the inductance of the transformer

windings.

SPICE simulations of the topology shown in figure 5.10 (which does not include the diode)
were performed. By varying the inductance of the primary and secondary windings, the

variation in the oscillation frequency was observed to change, as shown by the data in figure

1
5.13. By plotting — for each of the primary inductances investigated, it becomes apparent

JL

that frequency is determined by the reciprocal of the square root of the inductance.
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Figure 5.13 Linear relationship between frequency and secondary inductance for different

primary inductance values, given in Henries.
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If the ratio between the inductance of the primary and secondary windings is maintained and the

inductance is increased, the data shown in figure 5.14 is obtained.
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Figure 5.14 Oscillation frequency as a function of primary inductance, with a fit based on

a power law

The simulations used to generate the data shown in 5.14 are based on the gate-source and gate-
drain resistances extracted from the JFET, as described in table 3.1. In this simulation, the
resistances are expected to be equal and so RS = RD = 5.56Q so the total resistance of the JFET
channel becomes 11.2Q. This value closely matches the linear constant in the fit line to the data
in equation 5.14. From the simulation data and the extracted relationships, it is possible to
identify the formula to predict the oscillation frequency of a JFET based blocking oscillator.

R, +R
fo === 5.21

JLI xL,

As shown by the data in figure 5.15, the experimental frequencies of the blocking oscillator are
well described by equation 5.20 for a range of input voltages (V) ) at room temperature. The

minor discrepancy between the experimental frequency and the theoretical values can be
explained through the inclusion of a parasitic resistance in the measured characterises of the
JFET, which does not include the resistance of wirebonds, solder, and the internal resistance of
the inductors. Therefore a reasonable assumption of a linearly increasing parasitic resistance
value which increases from 2.5 — 3.7Q with increasing input voltage has been added and a
further data set added to figure 5.15 for comparison. This linearly increasing resistance could be
explained through the thermal increase in the wire bonds to the device under test at currents
above 100mA the wire bonds were found to melt and fail.
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Figure 5.15 Experimental frequency and theoretical frequency of blocking oscillator at

room temperature

5.6 Self oscillating boost converter

As discussed in the previous section, it is possible to utilise a depletion mode silicon carbide
device and replace the inductor with a transformer to create a blocking oscillator. The use of a
depletion mode device, in this case a SiC JFET, allows the oscillator to be self-starting. When a
voltage is applied to the input terminals of the circuit, the channel of the JFET is open due to the
lack of a voltage to the gate. This allows a drain current to flow, which results in a current
through the inductor at circuit start up. It has also been discussed and shown that by removing
the diode typical to a pentode based blocking oscillator results in larger voltage spikes being
generated typical of a boost converter. Figure 5.16 shows the topology of a novel boost
converter based on the use of a depletion mode SiC JFET suitable for the realisation of wireless

sensor nodes in extreme environments.
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Figure 5.16. Schematic of self oscillating boost converter topology

By replacing the inductor in the standard boost converter topology shown in figure 5.4 with a
transformer, it is possible to eliminate the need for a complex gate drive system by utilising the
properties of a blocking oscillator. Here the primary winding of the transformer acts as the
inductor, storing energy and providing the voltage enhancement required for operation of the
conventional converter topology. The secondary winding is counter wound in comparison to the
primary and this results in a negative voltage at the JFET gate, which acts to pinch off the
channel and turns off the FET.

The use of a transformer to generate a negative switching waveform relative to the supply
voltage is fundamental to the operation of the circuit at low input voltages. To create a
waveform which has a negative magnitude greater than the threshold voltage of the JFET
(which is typically in the order of -3V at room temperature), the number of turns on the
secondary winding must be greater than the primary. Standard transformer theory states that the
voltage induced on the secondary winding is greater than that across the primary in a ratio given
by the number of turns on the windings. This allows the boost converter to operate at voltages
lower in magnitude than Vy, of the JFET, such as those generated by the thermoelectric

generator described in section 5.1.4.
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Figure 5.17 Voltage and Current Waveforms of SOBC at room temperature

The data in figure 5.17, depicts the voltage waveforms seen at the JFET drain i.e. the voltage
across the primary winding, the gate voltage induced in the secondary winding of the
transformer, and the current flowing through the primary winding of the transformer (input

inductor) during room temperature operation.
The operation of the circuit can be described as follows;

At start up, the channel of the depletion mode silicon carbide JFET is conducting. Current
begins to flow through the primary winding of the transformer and the channel of the JFET to
ground. This is identical to the on state operation of a conventional boost converter, as described
in section 5.2. The change in current in the primary winding induces a negative bias in the
secondary winding, which is connected to the gate of the JFET. Current is drawn through the
diode of the JFET allowing for the negative voltage to increase. Further increases in the current
flowing through the primary winding causes the negative voltage on the secondary winding to
increase in magnitude and the channel of the JFET is progressively pushed towards pinch-off

this is indicated at point A in Figure 5.17.

Once the magnitude of the voltage on the secondary winding exceeds the threshold voltage of
the JFET, the JFET becomes non-conducting. This increase in channel resistance of the JFET
causes the magnetic field contained in the ferrite core of the transformer to collapse and the
voltage in the primary winding increases as is observed in a standard boost converter operation.

This point is denoted as B in figure 5.17. [24]
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When the JFET becomes non-conducting, the energy stored in the magnetic field in the inductor
is transferred to the output through the silicon carbide Schottky diode at a voltage level higher
than the input voltage to the circuit. The reduced current flow through the primary winding
causes the voltage induced on the secondary winding to drop and the JFET channel becomes
conducting again to complete the switching cycle as can been seen at point C in figure 5.17

[25].
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Figure 5.18 Typical waveform of the current in the primary winding of the input

transformer within self oscillating boost converter

The data in figure 5.18 shows the typical current waveform within the inductor in the self
oscillating boost converter. It can be seen that this converter operates at the limit of
continuous/discontinuous mode known as critical conduction mode as the current flowing

through the inductor falls to zero at the end of each switching cycle. [26]

5.6.1 High temperature SOBC prototype

A high temperature prototype of the self oscillating boost converter was tested to assess its
potential for converting power from a small voltage source to a level high enough to power a
silicon carbide wireless sensor node whilst operating in high temperature environments. Such
high temperature RF Oscillators were discussed in the previous chapter. The operation of this
circuit is based on the blocking oscillator described in section 5.5.1 and the data used to develop
equation 5.21 is based on measurements of the oscillator structure used to generate the data used
in this section. Hence, the operating frequency of the SOBC is accurately described by equation

5.21 with the inclusion of the parasitic resistance.
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A high temperature transformer was hand wound using high temperature wire with 275°C rated
PTFE insulation on a toroid ferrite core comprising of 4C65 grade ferrite material,
manufactured by Ferroxcube, which is reported to have a curie temperature of greater than
350°C. As the converter operates in critical conduction mode the design of the high temperature
transformer is crucial to this circuit topology. The primary inductance controls both the
operating frequency and the observed voltage boost of the converter. In addition, the secondary
winding must be of a ratio sufficient to produce a negative bias of magnitude exceeding the
threshold voltage of the JFET, in order for the converter to operate. In this experiment the
primary winding measured 32puH and the secondary was 811puH. The silicon carbide
components were wire bonded and packaged in high temperature packaging before the circuit

was connected using high temp wire and placed in a carbolite temperature controlled oven.

The switching frequency of the circuit is highly dependent on the input voltage supplied by the
thermogenerator as can be seen in figure 5.19. This is due to the changing channel resistance of
the JFET depending on applied voltage and its result in the formula described in 5.20. At lower
voltage levels the resistance of the JFET is almost 20 ohms whereas at 2.5 V this has increased

by 25%, this is shown in figure 5.20.
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Figure 5.19 Switching Frequency of SOBC as a function of input voltage

127



Figure 5.20 Rising JFET channel resistance with applied bias voltage
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It can also be seen that the magnetic properties of the transformer core at elevated temperatures

also has an effect on frequency as can be seen in figure 5.21. This time the permeability of the

magnetic core increases with temperature, this has the effect of altering the inductance of both

the primary and secondary coils on the transformer causing them to both increase in magnitude

but it can be seen that this effect is far less noticeable for any temperature than an increase in

Thermogenerator output voltage. It can be seen however the frequency decreases which is

linked to the reduced resistance values of the JFET which were extracted.
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Figure 5.21 Variation in frequency dependant on Vin and temperature
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Despite the variation in frequency being dependant on both the input voltage and the magnetic
properties at elevated temperatures, the Self Oscillating boost converter continued to boost
voltages over the entire temperature range with a decrease performance at higher temperatures

due to the increase in resistance of devices as shown in figure 5.22.
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Figure 5.22. Decreasing Vour with increasing temperature

Figure 5.23. Shows the voltage conversion ratio of the boost converter at a range of
temperatures showing that even at 300 degrees Celsius the voltage boost is still over 2.5 times

the input voltage.
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Figure 5.23. Voltage Conversion Ratio at different temperatures

Figure 5.24. shows the efficiency of the boost converter as a function of temperature it can be

quite clearly seen that the boost converter is more efficient at higher input voltages which also
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results in increased frequency of the circuit. Although the efficiency of the converter could be
viewed as low, one must take into account the nature of the devices available, the environment

in which they are placed and the simplicity of the circuit which requires no switching control.
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Figure 5.24. Efficiency of the boost converter.

A drawback to this circuit design is the need for a large capacitor both to smooth the voltage
spikes caused by the boost circuit. Current Aluminium electrolytic capacitors in large values can
be purchased to operate at 200°C but further research into high temperature energy storage is a

necessity for both DC/DC converters and energy storage.

5.7 Conclusions

In this chapter energy harvesting techniques to supply a high temperature SiC wireless sensor
node for perpetual operation have been explored. Thermoelectric devices were chosen as the
most appropriate energy harvesting technology due to the ambient high temperature
environment. A novel self oscillating boost converter topology has been demonstrated, and by
using a normally on SiC JFET it has been shown to increase voltages from a thermoelectric
device or other high current low voltage source to power further silicon carbide electronic

circuits.

The self oscillating boost converter was commissioned using a counter wound transformer on
high temperature ferrite, a SiC JFET and a SiC SBD. Based upon the operation of a free running
blocking oscillator, oscillatory behaviour is a result of the electric and magnetic variations in the

winding of the transformer and the amplification characteristics of a JFET. It demonstrated the

130



ability to boost an input voltage of 1.3 volts to 3.9 volts at 573K and exhibited an efficiency of
30% at room temperature. The frequency of operation was highly dependent upon the input
voltage due to the increased current flow through the primary coil portion of the transformer and
the ambient temperature causing an increase in permeability of the ferrite, thus altering the
inductance of both primary and secondary windings. However due its simplicity and its ability
to boost the input voltage by 250% meant it was capable of powering the transmitters and so

formed the basis for the power electronics of high temperature silicon carbide sensor node.

The addition of an RC network or controlling the resistance to the gate of the JFET can be used
to control the frequency of this self oscillating boost converter to some extent, but a more
thorough investigation into JFET based blocking oscillator theory obtained a novel
mathematical model and formula to describe the operation system based only upon the JFET
channel resistance and the relationship between inductors. As with the oscillators in the
previous chapter the extreme conditions and temperature range that silicon carbide electronics
can be subjected to, causes the electrical properties of all the components to change
dramatically, these effects cause frequency of any oscillator to vary and more complex circuits

are required for control.
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Chapter 6: Conclusion

The work presented in this thesis has demonstrated the initial steps towards a high temperature
wireless sensor node constructed from SiC devices and high temperature passives, capable of
being powered using energy harvesting techniques. It has experimentally demonstrated both the
feasibility of wireless communication circuitry and a novel self oscillating boost converter

topology for powering silicon carbide circuitry within hostile environments

Depletion mode (normally on) JFETs have been characterised at temperatures up to 573K, and
parameters required to describe the JFET using SPICE (V;,,, , 4, IS, RS and junction

capacitances) were extracted. These parameters allowed the mathematical description of the
operation of high temperature circuits. The transconductance of SiC JFETs at high temperatures
has been shown to decrease quadratically with increasing temperature, indicating a strong
dependence upon carrier mobility in the channel. The channel resistance also decreased
quadratically, as a direct result of both electric field and temperature enhanced trap emission.
The JFETs were shown to be operational at temperatures up to 775K, where they failed due to

delamination of an external passivation layer.

Schottky diodes have also been characterised at temperatures up to 573K and values for ideality
factor, depletion capacitance, series resistance and forward voltage drop were extracted to
mathematically model and simulate the devices. The series resistance of a SiC SBD exhibited a
quadratic increase with temperature, indicating that it is dominated by optical phonon scattering
of charge carriers in the epilayer. The observed deviation from a temperature independent
ideality factor is most likely due to the recombination of carriers in the depletion region and is
affected by both traps and the formation of an interfacial layer at the SiC/metal interface during
the fabrication. To compliment the silicon carbide active devices utilised in this work, high
temperature passive devices and packaging/circuit boards were explored and developed. AIN
and Al203 were identified as suitable high temperature packaging and circuit board substrates
along with gold as the most appropriate high temperature connective metal. Commercial surface
mount resistors fabricated from metallic oxides rated for 300°C were characterised above their
rating and both positive and negative temperature coefficients were observed. Despite these
temperature variations they were found to be both reliable and easily integrated into high
temperature SiC circuitry. Metallic spiral inductors for radio frequency oscillators were
fabricated from appropriately electroplated thickness of gold and were found to agree with the
relevant theoretical formula describing their changing attributes with regards to both resistance

and inductance at elevate temperatures.

134




HfO,; and AIN dielectrics have been investigated for use as potential high temperature capacitor
dielectrics in metal-insulator-metal (MIM) capacitor structures. The different thicknesses of
HfO, (60nm and 90nm) and 300nm for AIN and the relevance to fabrication techniques were
examined and their effective capacitor behaviour at high temperature explored. The HfO, based
capacitor structures exhibited high levels of leakage current at temperatures above 100°C,
especially for high electric fields, due to the thin dielectric and high defect density. This
rendered HfO, unsuitable as the dielectric material in capacitors designed for operation in
hostile environments. To address this issue AIN capacitors with a greater dielectric film
thickness were fabricated with reduced leakage currents even at electric fields of 5S0MV/cm at a

temperature of 600K.

The work demonstrated the world’s first high temperature wireless sensor node powered using
energy harvesting technology, capable of operation at 573K. Two separate circuits were
commissioned and the results confirmed the operation of the world’s first amplitude modulation
(AM) and frequency modulation (FM) communication systems operating at high temperatures.
The AM oscillator circuitry operated at a maximum temperature of 553K, with a centre
frequency of 19.4MHz and a signal amplitude 65dBm above the background noise. Realised
from JFETs and HfO; capacitors, modulation of the output signal was achieved by varying the
load resistance by use of a SiC JFET placed on the output. By applying a negative signal
voltage of between -2.5 and -3V, a 50% reduction in the signal amplitude was achieved.
Temperature Drift in the characteristics were also observed, with the resonant frequency
decreasing by almost 200 kHz when the temperature increased from 300K to 573K. This
decrease is linked to the increase in capacitance density of the HfO, MIM capacitors and

increasing junction capacitances of the JFET used as the amplifier within the oscillator circuit.

Direct frequency modulation of a SiC Voltage Controlled Oscillator circuit was demonstrated at
a temperature of 573K, with a resonant frequency of 17MHz. The circuit was realised from a
SiC JFET, AIN capacitors and a SiC SBD used as a varactor. It was possible to vary the
frequency of oscillations by 100kHz with an input signal no greater than 1.5V being applied to
the SiC SBD. The effects of temperature drift were more dramatic in comparison to the AM
circuit at 400 KHz over the entire temperature range, a result of the properties of the AIN film

which causes the capacitors to increase in capacitance density by 10%.

An investigation in to the potential of using different energy harvesting techniques was
performed to determine the most appropriate technique for use in high temperature hostile
environments. Due to the elevated ambient temperatures and the technological maturity of
energy harvesting technologies, Thermoelectric generators were selected as the most
appropriate. A novel self oscillating boost converter topology has been developed and was
commissioned using a counter wound transformer on high temperature ferrite, a SiC JFET and a
SiC SBD. Based upon the operation of a free running blocking oscillator, oscillatory behaviour
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is a result of the electric and magnetic variations in the winding of the transformer and the
amplification characteristics of a JFET. Designed to work with low voltage high current energy
harvesting devices such as thermoelectric generators and photovoltaics, it is capable of boosting
input voltages to a level sufficient to facilitate the operation of SiC circuits, such as the
oscillators and signal conditioning circuitry. Thus, this converter reduces the need for utilising
multiple energy harvesting devices connected electrically in series, reducing overall physical

dimensions of the system.

The converter demonstrated the ability to boost an input voltage of 1.3 volts to an output level
of 3.9 volts at 573K and exhibited an efficiency of 30% at room temperature. The frequency of
operation was highly dependent upon the input voltage due to the increased current flow
through the primary coil portion of the transformer and the ambient temperature causing an
increase in permeability of the ferrite, thus altering the inductance of both primary and
secondary windings. However due its simplicity and its ability to boost the input voltage by
250% meant it was capable of powering the transmitters and so formed the basis for a self

powered high temperature silicon carbide sensor node.

The demonstration of these high temperature circuits have provided the initial stages of being
able to produce a high temperature wireless sensor node capable of operation in hostile
environments whilst harvesting energy from the high temperature ambient. Along with
appropriate sensor technology it demonstrated the feasibility of being able to monitor and

transmit information from hazardous locations which is currently unachievable.

6.1 Future Work

Silicon carbide technology has the potential to operate effectively in high temperature and
radioactive hostile environments. Currently the majority of research is aimed at improving
substrate quality and utilising SiC properties to manufacture power devices for energy saving
purposes in a variety of applications, from electrical power distribution to electric vehicles. The
improvements in substrate quality has a direct impact on the development of silicon carbide
technology. The growth of more uniform wafers with fewer defects will ultimately allow for
more reliable and complex circuitry to be fabricated. As silicon carbide technology grows and
matures with its major partner (GaN and the solid state lighting industry) prices will drop
allowing for more high performance components to be commercially viable. Although there has
been minimal research conducted into signal level devices, the properties of silicon carbide can
be harnessed to create extremely resilient electronics suitable for a multitude of purposes. Many

of the developments and lessons learnt through the fabrication of traditional silicon technology
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can be applied directly to the fabrication of SiC devices. These discoveries may increase the

speed at which silicon carbide integrated circuitry develops.

Self powered wireless sensor nodes fabricated from silicon carbide still face multiple challenges
which have been touched upon in this thesis. Integrated circuitry whether built from MESFET,
JFET or MOSFET technologies has the potential to greatly increase circuit complexity,
allowing for more developed oscillators and control mechanisms. This will allow for greater
control over frequency drift with temperature resulting from both physical changes within SiC

and its passive counter parts.

Analogue circuitry such as amplifiers and high temperature voltage reference circuits needs
further research, so that the different polytypes of silicon carbide and other high temperature
sensors can be more effectively monitored. The fabrication of digital electronic circuits also
requires more research and development and although results in the literature have shown that it
is possible to create a range simple digital circuits such as gates and flip-flops, substrate quality
and price are two of the main factors which restrict further advances at the current time.
Through the research conducted into digital technologies we can expect a far greater complexity
and functionality of SiC circuitry, including enhanced energy management circuits along with
ultimately analogue to digital converters and microprocessors, thus allowing for a digital
representation of the analogue world from the analogue sensor inputs and the corresponding

transmission of this digital data.

Packaging technology for extreme environments is an area which is often overlooked and needs
additional research. In particular there currently a gap in the commercial market for high
temperature solders and die attach materials. The majority of solder will not withstand
temperatures above 300°C, as it is above its melting point. In contrast, high temperature
precious metal solders have melting points of 550°C and beyond. In conjunction with this
problem, high temperature soldering equipment must also be investigated as its maximum
melting temperature is below precious metal solders. Research and development into the
printing of circuit board traces may prove to be more cost effective when utilising precious
metals as traces, in the traditional methods of etching or milling unwanted metal from PCBs in
not viable due to large costs. PCB substrates will need to be investigated although AIN and
Al,Os appear good candidates for both IC packaging and PCBs the materials as fragile and can

crack as a direct result of thermal stresses.

Capacitor technology remains a critical area in need of significant development, although small
value capacitors for high temperatures can be manufactured through the techniques in this work
and there are commercial entities which provide such high temperature capacitors. There are no
large value capacitors or known technology to fabricate such devices; this has severe limitations

in power handling and storage circuits. When harvesting energy in any environment it can often
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only be acquired sporadically, for example when it is sunny, windy, hot, and as a result a
capacitor technology is required to store this energy for intermittent use by the system load thus
allowing a module to operate over periods of time when no energy can be harvested. Increased
capacitance density is also required for high temperature SiC power converter technologies all
converter technologies produce voltage ripple which have to be smoothed and regulated by a

large capacitor.

Battery technology for use in high temperature environment is also an area in need of further
research wireless sensors nodes with the addition of a high temperature battery for backup
purposes are extremely desirable. Although there are high temperature batteries commercially
available based on molten salts they have a minimum temperature operation limitation. As they
are only able to operate at high temperatures this may prove problematic as some hostile
environments may have a much greater variation in temperature ranging from 30 — 600°C in the

case of a combustion engine for example.

Energy harvesting for silicon electronics is still in its infancy, at higher temperatures there a
multiple other problems such as capacitor and battery technologies to also be considered.
However, more research is required into SiC photovoltaic’s and high temperature materials both
for the construction of TEG’s and Piezoelectric devices. Also overlooked is in cyclical changes
in temperature a piezoelectric crystal will generate electricity from expansion and contraction

without the need for vibration.

Although there are many research questions to address, the properties and potential of silicon

carbide electronics ensures great promise in the future.
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