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RESUME

Dans ce projet, nous proposons de nouvelles techniques d’intégration basées sur la technologie de
nitrure de gallium (GaN). Ces techniques permettent de mettre en ceuvre un systéme de
transmission de données sans fil entierement intégré dédié aux capteurs de surveillance pour des
applications d'environnement hostile. Le travail nécessite de trouver une technologie capable de
résister a I'environnement sévére, principalement a haute tempeérature, et de permettre un niveau
d'intégration éleveé. Le systeme realise serait le premier dispositif de transmission de données basé
sur la technologie GaN. En plus de supporter les conditions de haute température (HT) dépassant
600 °C, le systéme de transmission sans fil attendu devrait fonctionner a travers une barriére

métallique separant le module émetteur du récepteur.

Une revue de la littérature sur les applications en environnements hostiles ainsi que sur
I'électronique correspondante a été réalisée pour sélectionner la technologie AlGaN/GaN HEMT
(transistor a haute mobilité d'électrons) comme une technologie appropriée. Le kit de conception
GaN500, fourni par le Conseil national de recherches du Canada (CNRC), a été adopté pour
concevoir et mettre en ceuvre le systéme proposé. Cette technologie a été initialement introduite
pour desservir les applications radiofréquences (RF) et micro-ondes. Par conséquent, elle n'avait
pas été validée pour concevoir et fabriquer des circuits intégrés analogiques et numériques

complexes et son utilisation a des températures extrémes n’était pas validée.

Nous avons donc caractérisé a haute température des dispositifs fabriqgués en GaN500 et des
éléments passifs intégrés correspondants ont été réalisés. Ces composants ont été testés sur la plage
de température comprise entre 25 et 600 °C dans cette thése. Les résultats de caractérisation ont été
utilisés pour extraire les modéles HT des HEMT intégrés et des éléments passifs a utiliser dans les
simulations. En outre, plusieurs composants intégrés basés sur la technologie GaN500, notamment
des NOT, NOR, NAND, XOR, XNOR, registres, éléments de délais et oscillateurs ont été mis en
ceuvre et testés en HT. Des circuits analogiques a base de GaN500, comprenant un amplificateur
de tension, un comparateur, un redresseur simple alternance, un redresseur double alternance, une

pompe de charge et une référence de tension ont également été mis en ceuvre et testés en HT.

Le systéme de transmission de données mis en ceuvre se compose d'un module de modulation situé
dans la partie émettrice et d'un module de démodulation situé dans la partie réceptrice. Le

modulateur proposé est basé sur la technique de modulation Delta-Sigma et il est composé d'un



Vi

amplificateur, d’un comparateur, d’un registre, d’une pompe de charge et d'un oscillateur en
anneau. L'étage de sortie de I'émetteur est concu pour effectuer la modulation de «Load-Shift-
Keying (LSK)» requise pour assurer la transmission de données par la liaison inductive dédiée. Au
niveau du récepteur, trois topologies de démodulation ont été proposées pour acquérir les signaux
modulés en LSK. Le premier démodulateur est destiné a la transmission de données a haute
fréquence (plage des MHz) et basé sur des circuits entierement numériques (inverseurs, registres,
circuits a retard). Les deuxiéme et troisieme démodulateurs sont orientés vers la transmission de
données a basse fréquence (plage des kHz) qui sont basees sur la technique de rectification. Le
deuxiéme démodulateur comprend un bloc redresseur simple alternance, un comparateur et des
inverseurs. Le troisieme démodulateur est comme le second, mais il est basé sur un redresseur

double alternance.

Deux puces ont été fabriquées et testées, 4 articles de conférence et 5 articles de revues ont été

publiés ou soumis pour diffuser les contributions de cette these
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ABSTRACT

In this project, we propose new integrated-circuit design techniques based on the Gallium Nitride
(GaN) technology to implement a fully-integrated data transmission system dedicated to wireless
sensing in harsh environment applications. The goal in this thesis is to find a proper technology
able to withstand harsh-environments (HEs), mainly characterized by high temperatures, and to
allow a high-integration level. The reported design is the first data transmission system based on
GaN technology. In addition to high temperature (HT) environment exceeding 600 °C, the expected
wireless transmission systems may need to operate through metallic barriers separating the

transmitting from the receiving modules.

A wide literature review on the HE applications and corresponding electronics has been done to
select the AlGaN/GaN HEMT (high-electron-mobility transistor) technology. The GaN500 design
kit, provided by National Research Council of Canada (NRC), was adopted to design and
implement the proposed system. This technology was initially provided to serve radio frequency
(RF) and microwave circuits and applications. Consequently, it was not validated to implement
complex integrated systems and to withstand extreme temperatures. Therefore, the high-
temperature characterization of fabricated GaN500 devices and corresponding integrated passive
elements was performed over the temperature range 25-600 °C in this thesis. The characterization
results were used to extract HT models of the integrated HEMTs and passive elements to be used
in simulations. Also, several GaN500-based digital circuits including NOT, NOR, NAND, XOR,
XNOR, register, Delay and Ring oscillator were implemented and tested at HT. GaN500-based
Analog circuits including front-end amplifier, comparator, half-bridge rectifier, full-bridge

rectifier, charge pump and voltage reference were implemented and tested at HT as well.

The implemented data transmission system consists of a modulation module located in the
transmitting part and a demodulation block located in the receiving part. The proposed modulation
system is based on the delta-sigma modulation technique and composed of a front-end amplifier, a
comparator, a register, a charge pump and a ring oscillator. The output stage of the transmitter is
intended to perform the load-shift-keying (LSK) modulation required to accomplish the data
transmission through the dedicated inductive link. At the receiver level, three demodulation
topologies were proposed to acquire the delivered LSK-modulated signals. The first demodulator

is intended for high-frequency data transmission (MHz range) and based on fully digital basic
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blocks (inverters, register, and delay circuits). The second and third demodulators are oriented
towards low-frequency data transmission (kHz range) which are based on rectification techniques.
The second demodulator includes a half-bridge rectifier block, a comparator and inverters. The

third demodulator is like the second one, but it is based on full-bridge rectifier.

Two chips were fabricated and tested, 4-conference papers and 5-journal manuscripts were

published or submitted to disseminate the contributions of this thesis.
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CHAPTER 1 INTRODUCTION

1.1 Motivation: wireless sensors in high-temperature applications

Several manufacturing industries, such as aerospace and aircraft engines, geothermal or oil and gas
exploration need to measure physical properties under extreme temperature environment in real-
time. These measurands may be pressure, temperature, strain, flame speed, acceleration, etc [1, 2].
In many cases, sensors placed in harsh environment are frequently isolated from their control or
power management unit, which is usually located outside the harsh zone [3]. Commonly, these
entities are interconnected with regular wires. However, drilling holes through the separation
medium which is mostly metallic is not always an acceptable solution given the potential risk of
toxic chemicals leakage, pressure or vacuum loss, and mechanical structure integrity weakening.
In addition, these wired connections present many challenges for preserving system light weight,
simplicity and low-cost system implementation. Therefore, a wireless power transfer and data
exchange through metallic barrier without any physical penetration is in urgent demand for the
harsh environment sensing field. However, few hundred degrees suffice for ruining the operation
of a circuit. In fact, when the environmental temperature exceeds the conventional limit (higher
than 125 °C), traditional electronics are no longer able to fit their requirements. Unfortunately, this
limitation in the conventional technologies negatively impacts the proliferation of many domains

and industries.

One of the proposed solutions to reduce the heating impact on electronics is to provide cooling
systems. However, this additional thermal management solution introduces complexity and
supplementary hardware. It adds wires, connectors, cooling tubing, special intakes, etc. Also, it
increases overall weight and size which is not always acceptable or even feasible. Especially in
critical applications such as aerospace where size, weight, and reliability should be optimized for
achieving the required performance and lower the risks. Furthermore, the actual aerospace
technological development does not leave much space for additional secondary systems. In fact,
the number of installed sensors and microelectronic subsystems that control and monitor the critical
parameters in vital high-temperature regions are intended to be increased in near future. Moreover,
potential efforts are exerted to replace all hydraulic actuators and mechanical driven systems by

electrical and electronic versions. These implemented electrical and electronic systems lower the



engine size and weight and require less maintenance compared to pumps, fluids, and vacuum
piping. However, their wiring and connectors are exposed to harsh environment which is the
principal cause of inspection and preventive maintenance on aircraft jet engines. Aiming to reduce
wiring and corresponding accessories which adversely affect the system reliability, adopting a
distributed electronic system architecture is an accepted approach in aircraft and automobiles
applications. Still, having many wires is undesirable as they require shielding, routing,
maintenance, additional size and weight. Consequently, the aerospace industry’s long-term vision
pursues complete wireless control systems that can even harvest their required power from the
surrounding extreme temperature. Achieving this vision would be a revolution in high-temperature
applications giving birth to more reliable systems requiring no electrical wires. This would reduce
space missions’ cost (1 kg of payload sent to space costs $20 000 US), extend deep-well drilling
machine range (operational deep-drilling machines may reach 20,000 feet depth) and optimize
weight, maintenance cost and fuel consumption in passenger aircrafts and automobiles. Therefore,
the high-temperature electronics market is considered nowadays a niche market technology that

can strongly affect the modern industrial fields.

For those reasons, worldwide influential aerospace industries like Safran Group, Airbus Defence
& Space, etc. are seeking alternative microelectronic technologies developed to 1) sustain
exceptional environmental conditions, 2) be installed in critical sensitive areas, 3) be implemented
as microdevices, and 4) communicate wirelessly even through metal. Developing electronics
tolerating such harsh environment while providing wireless communication would have a great
economic impact on the extreme electronics market. The related high-temperature electronics
market is still modest in commercial value compared to the worldwide market of conventional

semiconductor technologies.

1.2 Wireless through metal

Several wireless solutions in ambient environment are proposed in the literature for through-metal-
wall power and/or data transmission such as the RFID [4], the inductive coupling [5, 6],
acoustic/ultrasound coupling [7], and capacitive coupling [8]. Capacitive couplings have very low
power transfer efficiency, which makes them unsuitable for power delivery through metal walls.
In an ultrasonic coupling, ultrasonic waves can propagate easily through various kinds of metals

and allow both high-power transfer efficiency and high-data rates. However, exposition to extreme



high temperatures may alter the piezoelectric properties and consequently damage the functionality
of ultrasonic transducers. On the other hand, inductive couplings can operate at temperatures far-
exceeding the Curie point of piezoelectric materials and do not need a direct coupling with metal
walls to provide a good transmission path, unlike piezoelectric transducers [3]. Using an inductive
link allows power and data transfer without compromising the integrity of the physical structure.
However, transferring AC magnetic fields through metallic medium presents few challenges to
overcome. Due to the Faraday shielding and skin effects in metal, magnetic waves cannot
effectively pass through metallic barriers, particularly those that have high electrical conductivity

and magnetic permeability.

Nevertheless, systems relying on Inductive Power Transfer (IPT) has evolved in the last 20 years
into a $1 billion industry [9]. Currently, the wireless energy transfer market is very dynamic. A
wide range of products such as mobile phones in the lead, electric vehicles, robots, drones, and

Implantable Medical Devices (IMD) use this technology.

1.3 GaN high-temperature technology

Silicon on insulator (SOI), gallium arsenide (GaAs) and silicon germanium (SiGe) are
commercially available semiconductor technologies dedicated for high-temperature applications.
However, they are serving a narrow range of temperatures not exceeding 300 °C, and are often
associated with limited operation time, due to fundamental physical limitations of these
semiconductors at high temperature [10]. Many significant industrial applications have
requirements far exceeding this limit. For example, in turbine engines, many sensors and electrical
actuators should be located in 600 °C ambient temperature. Similarly, in aerospace exploration, in
addition to the extreme radiation environment that electronic must endure, the ambient temperature
can exceed 500 °C. This is the case for Venus and Mercury exploration. Moreover, in geothermal
and automotive applications, telemetry devices and exhaust pipe sensors must sustain ambient

temperatures above 500 °C.

Wide bandgap (WBG) semiconductors are considered as main candidates in the foreseeable future
to overcome the fundamental limits of available conventional electronics in high ambient
temperature applications. Silicon carbide (SiC) and gallium nitride (GaN) are the best-known WBG

devices offering attractive features suitable for high temperature conditions such as wide bandgap
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(3 eV), high drift saturation velocity, high thermal conductivity, low intrinsic carrier concentration
and large critical electric field [10]. By contrast, silicon-based technologies are more mature and

generally less expensive for a given line-width.

In general, both GaN and SiC belong to the same WBG semiconductors family and share similar
attractive properties. However, SiC have received a great deal of attention in the past decade,
especially in the high temperature applications field. Although important advances have been made
on SiC based ICs, most of the reported ICs either had large areas or comprised small number of
devices, leading to low device density integration [11]. In addition, no commercially available SiC
integrated devices and circuits operating at temperature higher than 300 °C were found [12]. The
direct temperature dependence of carrier concentration, due to the bulk nature of the active region
in SiC devices, is considered as a common shortcoming [13] in addition to the crystal dislocations

that degrade junction leakage, particularly at the highest temperature levels.

I11-Nitride and primarily GaN technologies exhibit substantial performance improvement over SiC
semiconductor with respect to response speed and operating temperature limits [14]. In addition,
the temperature stability of electron concentration in the HEMT channel makes GaN devices more
stable at high temperature. The recent research on GaN technology in Europe is summarized in
[15] showing incremental progress to establish an independent GaN supply chain in Europe. In
addition, [16]-[17] summarize some major recent trends of semiconductor research toward mature
GaN technology that goes beyond the conventional limits of silicon. These papers discuss means
to offer higher blocking voltages, wider range of operational temperature and better energy

conversion efficiency.

Considerable efforts have been done to develop GaN devices operating at HT above 600 °C [14],
800 °C [18], 900 °C [19] and 1000 °C [20]. However, few research projects are directed toward
the development of integrated microelectronic circuits and systems based on GaN devices. Despite
the suitability of GaN technology for HT environments, limited integrated circuits and sensors are
implemented based on GaN devices for HT applications [13], [21], [22]. The reported works show
only the implementation of simple circuits like inverters, comparators, ring oscillators, and one
stage differential amplifiers with maximum operation temperature not exceeding 500 °C. There are

still many challenges with GaN based technologies, including material, ohmic and Schottky
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contacts. These challenges should be overcome before the exceptional ability of GaN to function
at extreme temperature exceeding 600 °C can be fully leveraged.

1.4 Objectives and research work overview

In this research, we propose the complete design of a wireless data transmission system to serve
wireless monitoring sensors installed in harsh environments. Most of the existing industrial sensors
impose bulky protection and direct connection between the monitoring sensor front end and the
central control system. This is due to the limitations of available electronic technologies that can
sustain high-temperature while processing the monitored data properly. To reduce the installation
complexity and the protection cost, and to improve the data monitoring process, an appropriate
technology should be developed and validated at HT. This technology will form the building blocks
to implement circuits and systems able to operate in harsh conditions.

The primary goal of this thesis is to develop a data transmission system based on GaN technology

to support wireless monitoring sensors and simplify their use in high temperature applications.
Our specific objectives are:

Objective 1: Investigation and validation of GaN500 technology at HT: The selection of
GaN500 technology to implement the proposed system is based on special properties of GaN
devices suitable for harsh environment conditions and the availability of GaN500 technology
provided by NRC. The HT characterization of several GaN500 devices is performed to validate the
robustness of the adopted technology at HT. An improved Angelov model is extracted from the
HT characterization of GaN500 to capture the temperature effects on the design simulations. The
HT model of integrated passive elements available in the GaN500 technology is also extracted

from HT characterization and included in the design kit. This research was reported in Article 1.

Article 1: Hassan, A., Amer, M., A., Savaria, Y., & Sawan, M. High-Temperature
Characterization, Modeling and circuit validation of GaN500 HEMT up to 600 °C. IEEE

Transactions on Circuits and Systems |: Regular Papers, submitted (March 2019).

Objective 2: Design and implementation of GaN based building circuits: For the first time,
several digital and analog building circuits are implemented based on GaN500. These circuits form
the building blocks of the proposed data transmission system. The normally-on depletion mode

GaN500 devices impose significant design constrains which implies to use a minimum number of
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transistors to obtain the desired functions and for better miniaturization of the complete system. In
addition, three demodulators are implemented to recover the monitored data from LSK-based
modulated signal. One of the demodulators is a fully digital demodulation system dedicated for
high frequency data transmission (MHz range). While the other two demodulators are based on the
rectification technique and are dedicated to low frequency data transmission (kHz range) mainly
required for data transmission through metallic barriers. The functionality of implemented circuits
and demodulators at HT is performed by simulation and by experimental measurements for some

circuits. Article 2 is an outcome of the work conducted as part of objective 2.

Article 2: Hassan, A., Ali, M., Savaria, Y., & Sawan, M. GaN-based LSK demodulators for
wireless data receivers in high-temperature applications. Microelectronics Journal, published on
14 January 2019.

Objective 3: Design and implementation of fully integrated GaN based modulation and
demodulation systems: The proposed modulation/demodulation system is the first GaN500-based
integrated data transmission system. Simple design with minimum number of transistors is
implemented to reach a high integrity level and reduce the power consumption. The modulation
system is based on a simplified delta-sigma modulation technique. The fully digital demodulator
is adopted to recover the monitored data from the modulated signal. The reported simulation results
confirm the functionality of the proposed systems using the models extracted from HT

characterization. This work was reported in Article 3.

Article 3: Hassan, A., Ali, M., Trigui, A., Savaria, Y., & Sawan, M. A GaN-based Wireless
Monitoring System for High-Temperature Applications. Sensors, published on 14 April 2019. This
paper was invited to the Special Issue on "Advanced Interface Circuits and Systems for Smart

Sensors" in the Sensors Journal.
While pursuing Objectives 1 to 3, a number of additional publications listed below were produced.
Additional related articles:

Hassan, A., Savaria, Y., & Sawan, M. (2018). Electronics and packaging intended for emerging
harsh environment applications: A review. IEEE Transactions on Very Large Scale Integration
(VLSI) Systems, (99), 1-14.
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Hassan, A., Savaria, Y., & Sawan, M. (2018). GaN Integration Technology, an Ideal Candidate
for High-Temperature Applications: A Review. IEEE Access, 6, 78790-78802.

Conference proceedings:

Hassan, A., Trigui, A., Shafique, U., Savaria, Y., & Sawan, M. (2016, May). Wireless power
transfer through metallic barriers enclosing a harsh environment; feasibility and preliminary
results. In 2016 IEEE International Symposium on Circuits and Systems (ISCAS) (pp. 2391-2394).
IEEE.

Hassan, A., Ali, M., Trigui, A., Hached, S., Savaria, Y., & Sawan, M. (2017, June). Stability of
GaN150-based HEMT in high temperature up to 400° C. In 2017 15th IEEE International New
Circuits and Systems Conference (NEWCAS) (pp. 133-136). IEEE.

Abubakr, A., Hassan, A., Ragab, A., Yacout, S., Savaria, Y., & Sawan, M. (2018, May). High-
Temperature Modeling of the IV Characteristics of GaN150 HEMT Using Machine Learning
Techniques. In 2018 IEEE International Symposium on Circuits and Systems (ISCAS) (pp. 1-5).
IEEE.

Amer, M., Hassan, A., Ragab, A., Yacout, S., Savaria, Y., & Sawan, M. (2018, May). High-
Temperature Empirical Modeling for the IV Characteristics of GaN150-Based HEMT. In 2018
IEEE International Symposium on Circuits and Systems (ISCAS) (pp. 1-5). IEEE.

1.5 Organization of the thesis

This Ph.D. thesis includes seven chapters. The first chapter (Introduction) discusses the motivation
behind this research. It also presents some background about wireless transmission through metal
and the operation of GaN semiconductor. The primary and specific objectives are presented in this
chapter as well, in addition to the organization of the thesis and coherence of the articles with the
research goals.

In chapter 2, we present a critical literature review of harsh environment applications and the
developed semiconductors to serve such applications including the advantages, challenges and
limitations of each technology. This review introduces more specifically the problem formulation

related to high-temperature devices and integrated systems for harsh environment applications. It
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also shows the superiority of WBG GaN devices on other developed technologies at high

temperature.

Chapter 3, 4 and 5 include our three scientific articles. In the first article (chapter 3), we
demonstrate the performance of the GaN500 technology at HT including the characterization and
modeling of fabricated GaN500 devices covering the 25 °C to 600 °C temperature range. The
second article (chapter 4) presents the design and implementation of three demodulation systems
based on GaN500 technology in addition to the circuit level validation of GaN-based digital circuits
at 400 °C. In the third article (chapter 5), we present the complete design of a wireless data
transmission system based on GaN500 technology including the description of the proposed system
in addition to the main considerations about the adopted design Kit.

Chapter 6 includes a general discussion that summarizes the work done in this research. It also
discusses the main constraints and limitations of our work including the fabrication issues,

packaging and HT testing.

Finally, chapter 7 summarizes our contributions and achievements in this project. It also includes
our recommendations to be taken for further improvements on the present design as well as our

suggestions for the future directions of the current research.

1.6 Coherence of the articles in relation to the research goals:

This thesis follows the article-based format that includes papers produced as part of this Ph.D.
research. The proposed wireless data transmission system is introduced in chapters 3, 4 and 5
including the device characterization, modeling, circuit design and validation, as well as system
design and implementation. Each one of the three chapters presents published or submitted research
work. The articles are perfectly consistent with the research work in terms of complementarity and
incrementality of proposed contributions.

In the first article, we intensively focused on the adopted technology to examine the maximum
limit of GaN500 design kit reporting the electrical characteristics of devices and integrated passive
elements as a function of temperature from 25 °C to 600 °C. This article is preceded by two review
articles and two conference papers. The review articles summarize the harsh environment
applications and the corresponding developed electronics nominating the GaN devices as an ideal

candidate for HT applications. The conference papers validate the possibility of transferring power



and data through metallic barriers at low frequency (kHz range) and show the robust HT
characterization of GaN devices exceeding 400 °C. In the following two articles, the simulations
at HT were performed using an Angelov model available in the GaN500 design kit. However, this
model was not validated for temperatures higher than 350 °C. Therefore, in this article, an improved
version of Angelov model is extracted to cover the 25 °C to 600 °C temperature range for future
work. In addition, we experimentally demonstrated prototype digital logic gates and voltage
reference ICs implemented using GaN500. The prototype ICs are characterized at operating
temperatures ranging from 25 °C to 600 °C. This work contributes to the development and
improvement of GaN technology, especially for GaN-based wireless monitoring systems targeting
high-temperature environments. The reported GaN basic logic gates enable further development of
other essential dynamic blocks such as ring oscillators, D-Flip Flop, delay elements and other

typical digital logic circuits able to operate at HT.

The second article introduces the design of three demodulation systems based on GaN500
technology. The implemented systems demodulate LSK modulated signals for wireless monitoring
applications operating at HT. The proposed demodulators are designed to demodulate low
frequency modulated signals in the range of kHz and few MHz. The performed simulation results
ensure their functionality over a wide temperature range between 25 °C and 400 °C. The design
considerations of the proposed building circuits are discussed considering the specific requirements
of the targeted applications and the limitations of adopted technology. Circuit validation of GaN-

based logic gates was performed at 400 °C.

In the third article, we selected one of the three demodulators introduced in the second article to
build the complete design of a wireless monitoring system. This wireless data transmission system
is based on GaN500 technology that is proposed to acquire signals from sensors installed in HT
environments. The HT characterization of GaN500 devices, integrated resistors, and integrated
capacitors was performed to validate their corresponding models used in system simulations.
Circuit simulations of subsystems and building blocks were performed over the 25 °C to 350 °C
wide temperature range to validate the capability of the GaN technology to implement an integrated

wireless system that can be used in harsh environment applications.
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CHAPTER 2 LITERATURE REVIEW

2.1 Harsh environments and corresponding applications

Some harsh environments are more challenging than others. Among the different types of extreme
conditions, the following are the most influential on the design and implementation of electronic
devices and systems.

2.1.1 Low Temperature Environment:

The commercial temperature range specification of CMOS integrated circuits is from 0 °C to +85
°C, whereas the military specification temperature range is from —55 °C to +125 °C. In general,
any temperature outside these ranges is considered an extreme temperature environment.
Temperatures below those ranges are often called “cryogenic” due to the common use of cryogen

liquids to reach them.

Diverse applications mandate cryogenic environments operation such as superconductivity.
Further, many planetary bodies impose cryogenic environments, like the poles of Mars where the
temperature drops below —143 °C in winter. Moreover, deep space applications, such the electronic

detectors of the James Webb Space Telescope, operate at -246 °C.

Furthermore, in order to improve system sensitivity, diverse types of electronic instrumentations
demand cryogenic temperatures as their operational temperature. Indeed, noise in resistors and
electronic devices decreases with temperature and the dark current of diode detectors reduce
exponentially with temperature. Thus, cooled detectors are found in various applications, such as
in medical imaging instruments, high performance computers, satellite receivers and astronomical

instruments.

2.1.2 High Temperature Environments:

On the other side of the extreme low temperature environments, extreme high temperatures surpass
the standard commercial and military temperature range of +85 °C and +125 °C respectively.
Indeed, many industrial applications require stable electrical and electronic systems for robust

operation at high temperature. Aerospace electronic systems, automotive and on-engine
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electronics, as well as power electronics are important examples where operating temperature

ranges could extend up to 500 °C and even more if the electronic could withstand them.

Energy exploration such as geothermal production wells and oil and gas well-drilling are major
applications of high-temperature electronics, where electronic systems must operate at
temperatures ranging between 250 °C and 300 °C [23]. In addition, some space exploration projects
mandate extremely high operating temperatures, which may exceed 600 °C, such as the missions

targeting the surface of Venus.

2.1.3 Wide Temperature Range Environments:

A classic example of an environment imposing wide ranges of operating temperatures is the Moon,
where its surface temperature in straight sunlight surpasses +120 °C, while dropping below -230
°C during the night, especially inside shadowed craters. The upper and lower limits of the
temperature range in such applications may not by themselves be the worst factors to consider, but
by the wide range covered and the temperature cycles in which the system must operate normally

may be more harmful.

The rate at which thermal cycles occur may also be a significant issue and thermal shock can be
far more challenging with respect to long-term reliability when compared to high or low fixed
operating temperatures.

2.1.4 Radiation-rich Environment:

The three main categories of radiation effects are: a) displacement effects where high-energy
particles displace atoms or nuclei, b) ionization effects where the materials are ionized when they
are traversed by high-energy charged particles, and c) total dose that typically charges dielectric
causing cumulative parametric shifts that render a device non-functional. Radiation-rich
environments are mainly present in space applications, nuclear power plants and biomedical

instruments.

2.1.5 Multi Extreme Environments:

When more than one type of extreme environments is present in one application, this situation will
be called multi extreme environments. It is actually the most prevalent case as several harsh

environments combine diverse types of extreme conditions, such as extreme low temperature with
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extreme high pressure or vibration, or extreme high temperature combined with radiation-rich

environments and so on.

Back to the Moon surface example, where low-temperature conditions (-230 °C) combine with
high-temperature (+120 °C) and radiation effects due to solar winds and galactic cosmic rays, all

these extreme environments must be addressed at once.

These diverse harsh environments and the corresponding applications stress the necessity of
developing microelectronic devices that can meet application requirements in the expected
environmental conditions. The following parts will investigate the most known semiconductors
dedicated to harsh environments along with the corresponding limitations and improvements done
so far.

2.2 Harsh environment electronics and implementations

Billions of dollars are invested in the extreme environment electronic industries to spread outside
the conventional commercial and military electronics specifications. In 2005, the high-temperature
electronics market was estimated to be around $17 billion. As a definition, extreme environment
electronics are small volume systems with significant value-added propositions that are extremely

important for harsh environment applications, but very costly to set and operate.

The following parts discuss the main existing electronic devices, along with their functionality at

extreme environment conditions.

2.2.1 Silicon

Silicon based microelectronic technologies are the most common devices nowadays. Even though
they are highly reliable in the majority of commercial applications, they are limited when the
ambient conditions extend outside its normal -55 °C to +125 °C temperature range. Outside this
interval, temperature can have a brutal impact on the transistor behavior. Once the surrounding
temperature rises to extreme high ranges, the energy band gap of Si will drop down while the carrier
density, which affects the thermal and electrical conductivity, exponentially increases, turning from
stable extrinsic region into the intrinsic region. Another sensitive parameter affected by
temperature variation is mobility, which determines the drift speed of a particle subject to an

applied electric field. Moreover, the current density, carrier diffusion, velocity saturation,
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electromigration, leakage current, threshold voltage and interconnect resistance are all significant
mechanisms or parameters directly affected by extreme temperatures.

Another set of considerations with Si based platforms is their sensitivity to radiation. Even though
threshold voltage shift with total dose is a dielectric volumic effect that had reduced significantly
with scaling, the subthreshold leakage current is still seriously affected with deep submicron
technologies. More precisely, gamma rays, cosmic ray’s ions, x-rays, neutrons as well as high-
energy electrons and protons have significant effects on electronic circuits operation that can have

major impacts on operating characteristics and may induce failures.

The main basic concepts used to express and model the interaction between Si devices and radiation
are the total ionizing dose (TID), displacement damage (DD) and single event effects (SEEs). TID
is the damage produced by ionizing radiation over a time interval. Electron-ion pairs are generated
by this ionizing radiation inducing trapped charges which, in turn, produce transient and long-term
effects, in addition to changing threshold voltage and current leakage path. The displacement
damage (DD), which is resulted by heavy ions, alpha particles, protons, neutrons and very high
energy photons, can modify the configuration of the atoms in the semiconductor. It may provoke a
permanent damage augmenting the recombination centers number and lowering the minority
carriers. SEE is caused by a high-energy particle passes through a semiconductor keeping an
ionized path behind. When this charge moves, it might be collected to another charge resulting in

serious effects starting by a bit-flip and ending by tragic burnout.

2.2.2 Silicon on Insulator

Silicon-on insulator (SOI) technology is an advanced alternative option of the silicon CMOS
technology to mitigate the drain induced barrier lowering (DIBL) and restrain charge-sharing and
fringing field effects especially for the short-channel CMQOS platforms and more precisely in 45

and 65 nm technologies.

SOl is mainly dedicated for aerospace and military applications exploiting its rigidity against the
extreme temperature and radiation environments. Nowadays, it is more accepted as a commercially

available technology.

SOI CMOS family is the most mature approach using traditional silicon process but includes an
isolation process to ultimately reduce the leakage current at high temperature. Comparing to the
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conventional P-N junction isolation in Si CMOS technology, a silicon dioxide layer surrounds each
SOI transistor giving an excellent electrical isolation characteristic even at high-temperature
conditions [24].
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Figure 2.1: CMOS SOl based voltage reference circuit [25]

Consequently, SOI CMOS device was successfully implemented to serve a universal gate driver
circuit at temperature higher than 200 °C [25] and utilized in voltage reference circuit (shown in
Figure 2.1) for a range of temperature between -40 °C and 200 °C under total radiation dose of 1
Mrad [26]. In addition, Honeywell investments in high-temperature SOI electronics introduced
several products and processes like opamps, voltage references, voltage regulators, analog
multiplexors, A-to-D converters (shown in Figure 2.2), digital gate arrays, SRAM, 8-bit

microprocessor and clock interfaces [27] with endurable temperature exceeding 200 °C.

Another advantage of SOI appears in the omission of parasitic area junction capacitance and the
decrease of cross talk between digital and RF circuitry, in addition to the adequacy to integrate
passive elements on chip with high accuracy profiting from the large substrate resistivity. Other
merits for the SOI are the reduction of a reverse body effect in stacked circuits and the junction of

the floating-body with source and drain is usually forward-biased.
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Figure 2.2: SOI based 12-bit analog-to-digital converter [27]

The SOI flexibility with the radiation is returned to its geometric constrains limiting the volumes
of active silicon regions with the radiation energy ionization and deposition, and the limited
communication of deposited charge between the devices.

SOl MESFET (Metal semiconductor field effect transistors) is a different approach for the silicon
on insulator technology which is also developed to support the extreme environment applications
covering a wide range of temperature between -180 °C and +300 °C and enduring intense radiation
dose as shown in Figure 2.3(a) and (b) respectively [28]. The MESFET implementation, as shown
in Figure 2.4, requires a Schottky barrier which is composed of the silicide step providing the low
resistance source—drain contacts. The gate silicide is isolated from the source-drain silicides by
space regions of length Las and Lag [29]. The silicide—silicon interface has the advantage of being
extremely stable up to relatively high temperatures. Table 2.1 shows the utilized protection in each

presented SOI devices.
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that gave a dose rate of 0.9 krad(Si)/min [28]
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Figure 2.4: Schematic cross section of the SOl MESFET [29]

The insulating regions of SOI are mainly achieved by SiO> deposits. Regretfully, this isolation
layer has a thickness more than that of the gate itself and suffers a charge trap higher than the
highly-optimized gate stacks resulting in radiation responses by these isolation regions. To clarify
this, the buried insulating oxide and associated TID for a thin SOI device can be represented as a
secondary gate. This secondary gate modulates a pseudo-channel at the bottom of the transistor
producing backside leakage current or attaches to the top surface channel by electrostatic force

modifying the transistor threshold voltage. Moreover, even for the modern SOI technology such as
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vertically stacked structures and mutli-gate which are intended for harsh environments, the
parasitic effects have significant impacts.

2.2.3 Silicon Germanium (SiGe)

SiGe is a BICMOS technology implemented by adding heterojunction bipolar transistor (HBT) to
Si CMOS platform. This implementation advocates the functionality of highly integrated system
performing a mixed-signal technology which is qualified by its high-performance feature for RF,
analog and microwave circuits. The most preferable SiGe approach for extreme environment
applications is the complementary SiGe BiCMOS on a thick-film SOI substrate to perform noise

isolation which presents a critical topic in various analog and mixed-signal systems.

With decreasing temperature, the Si BJT device suffers from degradation in the turn-on voltage
junction, base resistance, current gain, frequency response, cutoff frequency and delay in digital
circuits. Unlike the Si BJTs, the cooling impact (low temperature environment) on SiGe HBT
device is favorably improving its dc and ac properties [30]. A simple check of the SiGe HBT device
equations shows the improvement in the transconductance, current gain, cutoff frequency,

maximum frequency and broadband noise [31, 32].

In fact, despite the performance degradation of Si BJTs in cryogenic conditions, the addition of
SiGe dramatically changes the situation. The bipolar transistor properties will be strongly coupled
to the band-edge effects induced by bandgap engineering. Physically, the minority carrier of bipolar
transistor is the reason of this strong coupling which implies in terminal currents proportional to
the intrinsic carrier concentration (nio?) through the Shockley boundary conditions, and in turn njp?
is proportional to the exponential of the bandgap. Therefore, the currents will be coupled

exponentially with any changes to the bandgap [30].

Moreover, from general mechanical considerations, these bandgap changes will automatically be
divided by the thermal energy (KT), which means that a reduction in applied temperature will
considerably increase any bandgap changes. Consequently, SiGe HBT device equations inspire

that both ac and dc properties are favorably influenced by cooling.

Comparing the equations of a SiGe HBT to a comparably constructed Si BJT, the thermal energy
(KT) is arranged to favorably affect the low-temperature properties. An extensive discussion with
detailed analysis can be found in [33].
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[30]

On the opposite side of cryogenic conditions, the high-operating temperature has a degradation
effect on both dc and ac performance of SiGe HBTs. However, the degree of this degradation is a
matter to be discussed and investigated. Accordingly, SiGe HBTs commercially available with
current gain above 100 and cutoff frequency of 75 GHz normally operate at 300 °C [34]. In addition

to the robustness of SiGe HBT device at extreme low and high temperatures, the durability of this
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device in radiation environment has been investigated as well [35] showing a favorable built-in

TID great tolerance as presented in Figure 2.5(c) and (d).

SiGe HBT, illustrated in Figure 2.5(a) with its unique bandgap properties, presents a significant
process for the extreme environment applications. The latter can be classified as following: extreme
high-temperature conditions exceeding 300 °C as characterized in Figure 2.5(b), extreme low-
temperature environments lower than -200 °C (Figure 2.6) [30], wide and cyclic temperature
intervals such as the lunar surface temperature between -230 °C and +120 °C, and finally the

intense radiation environments.
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Figure 2.6: Output characteristics of a SiGe HBT (first-generation) operating at a) T = 27 °C, and
b) T =-230 °C [30]

As an example, the work in [36] was supported from NASA ETDP to develop a remote electronics
unit system based on SiGe HBT. The implemented remote sensor interface is depicted in Figure
2.7. The implemented system was tested under cryogenic temperature less than -173 °C, 100 krad
TID radiation exposure and at high temperature of 125 °C. Therefore, SiGe HBT is capable to
satisfy the electronic requirements of all the preceding extreme environment conditions by slight
process modifications providing considerable benefits regarding the weight, size and power

constraints.

Moreover, in [37] and [38] SiGe devices have been utilized to implement voltage reference and
LNA circuits respectively for cryogenic applications. Similarly, a wide-range temperature test
(from -180 °C to 120 °C) have been successfully applied to ADC [39] and DAC [40] respectively.
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Diverse generations of SiGe are nowadays widely spread in the commercial communities with tens

of fabrication companies. The frequency capability of available SiGe HBT is between 50 and 200
GHz. Recently, 90 nm SiGe BiCMOS technology was presented in a comparator circuit for wide
temperature range application between -195 °C and -155 °C [41], and a fourth generation of this

device is implemented in [42]

for RF applications at cryogenic temperature exceeding -195 °C.

Table 2.1 shows the utilized protection type in each presented SiGe device [30], [33-42].
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Figure 2.7: SiGe BICMOS (SiGe HBT + CMOS) based simplified block diagrams of the Remote

Sensor Interface [36]

Table 2.1: Protection type of presented SOI and SiGe devices

Device | Reference

Protection

[25]
sol | [27]
[26], [28, 29]

[30, 33, 36]

[34, 35], [39, 40]
[37]

SiGe | [38]
[41]
[42]

Ceramic package + Polyimide test board

Ceramic package + Al-wire bonding + Au-plate + Ni-bond pad
N/A

Multi-chip Module Packaging: Al.Oz pacakge and lid, AIN
substrate, Cu metallization, Au wire bond, In/Pb lid seal,
polyimide and Cryogenic ribbon cable

N/A

Ceramic flat package

PC board sandwiched in between two gold plated brass carriers
with the IC mounted in a VIA hole to minimize bond wire lengths
Simulation

Custom-designed, on-wafer, open-cycle liquid nitrogen (LN2)
probe station

N/A”: Not mentioned in the related reference
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2.2.4 Silicon Carbide (SiC)

For the moderate intensity of extreme environment applications, the standard Si platforms, silicon
on insulator (SOI) and silicon germanium (SiGe) present suitable choice to be applied and cover
the electrical and electronic requirements. However, when the surrounding conditions attain
extremely harsh-condition environment, the preceding semiconductors are no longer useful, and
an alternative advanced semiconductor generation should be developed such as the silicon carbide

(SiC) to fit the excessive environment requirements.

SiC is composed of numerous types of crystal structures, named polytypes. However, there are just
three types commonly accepted as an electronic semiconductor, which are 4H-SiC, 6H-SiC and
3C-SiC. Table 2.2 presents the most important electrical properties of these types compared with
GaN and silicon [12]. The wide bandgap energy along with the high breakdown electric field are
the two essential advantages of SiC over silicon semiconductor. Holding a very low intrinsic carrier
concentration and a wide bandgap (same as the GaN device mentioned in Table 2.2) nominates the
SiC to join the team of extreme high-temperature semiconductors, giving the capability to operate
theoretically at high temperatures up to 800 °C. It is experimentally demonstrated that SiC devices

can successfully operate for a limited time (few hours) at 600 °C [43].

Table 2.2: Comparison of Selected Semiconductor Material Properties [12]

Property Silicon | GaN | 4H-SiC | 6H-SIC | 3C-SiC
Bandgap energy (ev) 1.1 3.4 3.2 3.0 2.3
Relative dielectric constant 11.9 9.5 9.7 9.7 9.7
Breakdown electric Field at ND = 1017 cm™ | 0.6 2-3 3.0 3.2 1.8
3 (MV/cm)

Intrinsic carrier Concentration (cm) 1010 ~10%° ~107 ~10° ~10
Electron mobility at ND = 10 ¢cm™ 1200 900 800 60- 400 | 750
(cm?/V.s)

Hole mobility at ND = 10 cm™ (cm?/V.s) | 420 200 115 90 40
Saturated electron velocity (107 cm/s) 1.0 2.5 2 2 2.5
Thermal conductivity (W/m.K) 150 130 400 480 500

Furthermore, SiC possesses a high-power density and efficiency due to its high-thermal
conductivity along with the high-breakdown electric field and high-junction temperature. By these
properties, SiC power converters have higher switching frequency implying to smaller

transformers, inductors and capacitors reducing size, cost and weight of the power converters and
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diminish the heat generation and energy loss. Various approaches of SiC have been developed to
achieve a high performance and stable operation against the extreme conditions existed in harsh

environments.

The main developed SiC approaches are SIC MOSFET (metal oxide semiconductor field effect
transistor) (Figure 2.8) [12], MESFET, JFET (junction filed effect transistor), and BJT (bipolar
junction transistor) semiconductors (Figure 2.9) [44]. The latter is mainly developed for high-
temperature applications more than 300 °C.

Gate insulator (SiO,) Gate insulator (SiO,)

Drain Gate Source Drain Gate Source

Metal

n-Doped
channel
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channel

p-Type SiC p-Type SiC
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Figure 2.8: Cross-sectional view of the two basic SiC MOSFET: a) Inversion-channel, b) Doped-
channel [12]
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Figure 2.9: Cross-sectional schematic of 4H-SiC bipolar junction transistor (BJT) device

topology [44]
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As shown in Figure 2.10(a), a packaged 6H-SiC JFET is tested for 10,000 h at 500 °C operational
temperature measured at start (gray) and end (black) in air atmosphere. In Figure 2.10(b), an
experimental measurement of 6H-SiC JFET NOT gate IC test waveforms shows that similar output
is obtained at 25 °C and at the start (1 h) and end (3600 h) of prolonged 500 °C operational testing

In air atmosphere [45].

Generally, because of its low power consumption circuit, SiC-based CMOS may eventually
become the principle type of SiC technology dedicated for harsh environments if the gate insulator

durability and reliability issues can be overcome.
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Figure 2.10: 6H-SIiC JFET: a) Current—voltage characteristics, b) NOT gate IC test waveforms
[45]

Until SiC designers sufficiently cope with the gate insulator challenges, SiC BJT, MESFET and
JFET based IC technologies present a direct approach to fit the extreme environments demands.
As an example, the NASA Glenn Research Center has successfully approved the durability and
prolonged stability of SiC JFET development at 500 °C ambient temperature for continuous

thousands of hours with experimental measurements on amplifier stages and logic gates [46].

Moreover, several studies and implementations have been done recently for SiC semiconductors
such as in [47] where seventeen samples of integrated circuits were successfully tested at 300 °C.
The simulation results in [48] of 4H-SiC bipolar logic families are promising for operational
temperature of 500 °C. In [49], a SIC CMOS comparator and Op-Amp are implemented and tested
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at 550 °C. Similarly, 4H-SiC JFET is characterized at 600 °C [43] and a wireless RF transmitter,
as shown in Figure 2.11, based on SiC technology was developed in [50] to serve pressure and
temperature sensor systems at high-temperature applications exceeding 450 °C. Several logic gates
have been implemented and tested in [11] at 250 °C based on MESFET SiC and a linear voltage
regulator circuit based on SiC MOSFET device has been tested at 300 °C [51]. For intense-radiation
applications, the impact of electron and proton irradiations on 4H-SiC MOSFET was investigated
in [52] where the SiC device shows remarkable improvements in terms of electrical parameters

after 15 MeV electron and 5 MeV proton irradiations.
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Figure 2.11: SiC JFET based circuit schematic of wireless sensing module for pressure and

temperature measurement [50]

On the other hand, and to date, there is no existence of a commercial SiC semiconductor transistor
or IC that can be utilized in an ambient temperature more than 300 °C. Although over the last
decade the improvement of SiC prototypes achieve an advanced stage, it remains a difficult
challenge to reach long-term operational reliability for extreme temperature circuits and devices
especially regarding the reliability of contacts, passivation [53], interconnect and packaging.
Therefore, seemingly, SiC technology will be solely dedicated for space applications where it is
not possible for existing technologies to take place due to the extremely harsh environment

condition. Whereas, in case of lower extreme environments (means less than space application), it
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is more effective to use the other existing technologies which are less expensive and more mature

than SiC device especially in the low-power signal processing and digital logic circuit functions.
2.2.5 Gallium Nitride (GaN)

2.2.5.1 Operation of GaN semiconductor

The I1I-nitride semiconductors include broad ranges of bandgaps varying from 0.7 eV for InN, 3.4
eV for GaN, up to 6.2 eV for AIN. Profiting from their wide range of energy bandgap, these
materials can be utilized to emit light in various visible ranges (violet, blue and green) in addition
to be used in high frequency and high-power application [54], [55], [56]. A great deal of research
focused on GaN and its alloys like AlGaN and InGaN. These alloys were investigated for their
special properties, such as low resistivity and high voltage capability. Obtaining good substrate
material for GaN remains challenging due to the difficulty of providing a good quality GaN
substrate layer. Other alternatives are utilized such as sapphire, SiC and silicon substrates, which
are available at lower cost. These substrate materials are thermally compatible and have proper
lattice matching with GaN.

22511 GaN basic principle:

The thermodynamic stability of GaN is due to its wurzite crystal structure and bandgap energy of
3.4 eV, which makes it capable of sustaining high temperature. Growing GaN layers is typically
done by molecular beam epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD) and
hybrid vapor phase epitaxy (HVPE). These various methods open a wide variety of epilayers

quality and surface roughness.

The first GaN epitaxial layer grown on sapphire substrate was reported in 1969 [57]. Due to the
high n-type background carrier concentration of GaN layers and the lack of p-doping, GaN could
not be used rapidly in electronic devices and its adoption was very limited until the 1980s. Hetero-
epitaxy problems could be eliminated by utilizing GaN substrates, giving better control of stress,
dopant concentration, polarity, lattice constant mismatch and thermal expansion coefficient
mismatch. However, the difficulty of obtaining large GaN wafers and their costly fabrication
further hindered its adoption. With the availability of large sapphire (Al.O3) wafers that provide
perfect electrical insulation, while offering high quality, excellent temperature stability and low
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fabrication cost, this material was considered as a candidate substrate for GaN. Unfortunately,
using sapphire substrates leads to high defect density, because of low thermal conductivity and

large lattice mismatch to GaN.

Silicon carbide (SiC) and silicon (Si) offer higher thermal conductivity and smaller lattice
mismatch to GaN, and combining them gives good candidate solutions for high temperature
applications. However, the disadvantages of SiC substrates are their small area, intermediate
quality and high price. These disadvantages of SiC play in favor of silicon as a substrate of choice
for GaN epitaxy with its good thermal conductivity, low cost and availability of larger wafers, in
addition to the possibility of integrating GaN devices with mature silicon devices. On the other
hand, the high thermal expansion coefficient mismatch and large lattice mismatch between Si and
GaN favor the appearance of cracks on the surface. Table 2.3 summarizes the physical properties

of several substrates considered for GaN.

The attention with GaN has focused on HEMTs (High Electron Mobility Transistors), which are
also called HFETSs (Heterostructure Field Effect Transistors). To explain the theory of operation of
GaN HEMT devices, AlGaN/GaN will be used [58]. These devices are the dominant GaN HEMT
structure. When an AlGaN alloy is deposited on a thick GaN layer, an AIGaN/GaN heterostructure
is formed. Band bending happens due to the difference in bandgap energies between the two
semiconductors, and a two-dimensional electron channel is created in the upper side of the GaN
layer (Figure 2.12(a)).

Table 2.3: Physical Properties of Substrates Considered for GaN Technologies

Properties Substrate - -

GaN AlbOs | SiC Si
Thermal expansion coefficient (10° K*) | 5.59 6.9 277 |26
Lattice mismatch (%) - -16 +3.5 -17
Thermal conductivity (W/cmK) 1.3 0.5 3.8 1.5
Wafer size (inches) 2 6 3 12
Cost high low High low
Resistivity high high High | mediate
Temperature stability (°C) >900 >1600 | 1700 | 900

The wurtzite structure of GaN is tetrahedrally coordinated with a lack of symmetry in the c-

direction [59]. A spontaneous polarization along the c-direction takes place because of this lack of
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symmetry and the large iconicity of the covalent bond in the GaN structure. The lattice mismatch
between AlGaN and GaN induces a piezoelectric polarization oriented in the same direction as the
spontaneous polarization. The total polarization charge is the combination of both the piezoelectric
effect and difference of spontaneous polarization. Therefore, a positive polarization charge appears
at the lower interface between AlGaN and GaN due to the superiority of AlGaN polarization over
the GaN layer.

To compensate this positive charge, electrons are attracted to form a 2DEG (Two-Dimensional
Electron Gas) dropping below the Fermi Level Er. This creates a triangular quantum well at the
AlGaN/GaN interface as shown in Figure 2.12(b). Even without doping the AlGaN layer, the
2DEG is produced due to the strong piezoelectric and spontaneous polarization effects in nitrides,
resulting in high electron density and high drift mobility. The carrier concentration is limited by
the strain relaxation of the top layer. The AlGaN layer thickness, as well as the Al concentration
have a direct effect on the maximum sheet charge. A positive polarization is formed in Ga-faced
structures. A negative polarization will take place in the case of N-faced structures, which will be
compensated by holes instead of electrons, and these charges are accumulated at the AlGaN/GaN

interface.

Charge Polarization

______________________ [ e pap——
Source AlGaN / Drain

2DEG channel

Polarization

Substrate

(a) (b)
Figure 2.12: AlIGaN/GaN based HEMT: a) Physical structure and b) Band structure

Electron trapping may occur due to the presence of impurities in the lattice structure or at the
interface between the heterostructure layers, which produces a current collapse that in turn
deteriorates the device performance. After applying drain-source voltage, the trapped carriers
remain, even when removing this voltage, leading to degeneration of the device output power. This

can be compensated by light illumination on the device, giving enough energy to the trapped
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carriers to be released. There are various scattering mechanisms that affect the total mobility of the
2DEG channel, such as polar optic scattering, ionized impurity scattering, piezoelectric scattering

and acoustic phonon scattering.

A simplified cross-sectional representation of a typical GaN HEMT structure is depicted in Figure
2.13. The substrate layer could be one of several materials like silicon, silicon carbide or sapphire
as discussed previously. The nucleation layer is very important to ensure better growth quality of
the following layers and to allow a good polarity of the upper buffer layer. Usually, AIN and GaN
are utilized as nucleation layers. The buffer layer ensures device isolation and improves the
material quality. A thick GaN layer is present on the upper side of the 2DEG. A thin undoped
AlGaN layer (AlGaN/GaN case) acts as a spacer for carriers injected into the 2DEG by the carrier
supply layer. The carrier supply layer could be Si-doped GaN layer or an undoped AlGaN layer
supplying the 2DEG with electrons. The main purpose of the barrier layer is to maintain an effective

barrier for the Schottky contact typically placed over this layer.

By default, when a positive voltage is applied to the drain, the current flows between the drain and
the source through the 2DEG sheet. This current can be controlled by the applied gate voltage,
which, in turn, controls the space charge of the two- dimensional conductive channel. The quality
of the 2DEG sheet depends on various parameters such as the substrate material, the method used
to grow the layers composing the device and the doping level of carrier supply layer. With negative
gate voltage values, the space charge under the gate area expands toward the 2DEG loaded with

electrons gradually depleting this channel until the 2DEG sheet is pinched off.

Carrier Supply layer
Spacer Layer /

Nucleation Layer

NN

Figure 2.13: Schematic drawing of a typical GaN HEMT layer structure
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2252 GaN advantages

To understand the superiority of GaN technology over conventional devices at high temperatures,
it is very important to identify the main factors that affect the physical limits and operation of

semiconductors at high temperature.

2.25.2.1 Intrinsic carriers:

All semiconductors have thermal electron and hole carriers in their crystals. The intrinsic carrier
concentration (n;) varies exponentially with semiconductor temperature [60] following equation

(2.1), where k is the Boltzmann constant.

n; = VNc Nve Ee/2kT (2.1)

In (2.1), Es, Nc and Ny are respectively the energy bandgap and the effective electron and hole
density of the semiconductor that vary only slowly with the device temperature (T) when compared
to the (e F¢/2KT) term that grows exponentially with temperature. Consider the temperature
dependence of the intrinsic carrier concentration [61], the n; of silicon at room temperature is
around 10'° cm™. This concentration is almost negligible if it is compared to the device doping
level around 10%°. However, when the temperature exceeds 300 °C, this concentration becomes
higher than the dopant carriers’ concentration in typical doped silicon semiconductor. This
undesirably affects the electrical properties of this device that is supposed to be controlled by well-

designed doping levels.

On the other hand, the GaN intrinsic carrier concentration, with its wide bandgap (around 3 eV), is
much lower than the one observed in silicon, even at higher temperatures beyond 600 °C. This
prevents problems due to excessive intrinsic carrier concentration. As shown in Figure 2.14 [62],
at any temperature, the intrinsic carrier concentration (and consequently, the intrinsic leakage
current) is around 12 orders of magnitude lower in WBG semiconductors than in the more common

ones such as silicon.

2.2.5.2.2 Leakage current of p-n junctions:

The leakage current of p-n junctions is the reverse current passing through the equivalent diode of
this junction when a reverse bias voltage is applied. This reverse current must be negligible

particularly in power applications where high switching frequency is needed at high applied voltage
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Figure 2.14: Semiconductor intrinsic carrier concentration versus temperature [62]

[63]. The mobile carriers, which are depleted at the junction area, form the depletion region of p-n
junctions. The p-type junction is positively charged with hole carriers and the n-type junction is
negatively charged with electron carriers. The |-V characteristic of a p-n junction diode is given by
(2.2) when the p-type doping is larger than n-type doping [64]

I = qAn; (ni/ND JDP /T A(edVa/kT — 1) + W /21 (e9Va/2KT — 1)) (2.2)

At applied voltage Va, the depletion region width is W and z is the lifetime of effective minority
carrier in seconds. The minority carrier diffusion current is represented in the first exponential term
in (2.2), while thermal generation appears in the second exponential term. Assuming that few tens
of mV of reversed bias voltage Va are applied at high temperature less than 1000 °C, equation (2.2)

can be simplified to (2.3)

I = —qan; (n;/ND /DP/ 7+ W/ZT) (2.3)

where it is obvious that the leakage current of the reversed biased p-n junction is substantially
related to the intrinsic carrier concentration n;. Therefore, a harmful leakage current on the device
and the system using such junctions is observed when the reversed biased junction is used at high

applied temperature. In GaN semiconductor devices, this leakage current is orders of magnitude
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lower than in silicon devices, due to their lower intrinsic carrier concentration n;. Thus, GaN and
all wide bandgap semiconductors are much better candidates for applications where the
temperature exceeds 300 °C and can reach 600 °C.

2.2.5.2.3 Carrier emission leakage current:

Another type of leakage current that can affect device operation is the carrier emission leakage
current. When the carriers gain sufficient energy to pass through an energy barrier, this process is
called emission and is directly related to the temperature which is considered as the source of
thermal energy. This mechanism appears in Schottky barrier contact rectifying metal-

semiconductor diodes. The carrier emission current can be expressed by:
I = AK*T?e~9%8/kT (gaVa/kT _ 1) (2.4)

where @x is the Schottky barrier height (effective potential barrier height). For a significant reverse

bias voltage Va, the current in (2.4) can be simplified to:
[ = —AK*T?e~%8/kKT (2.5)

where the carrier emission leakage current decreases according to an exponential relation in @s. It
is easy to see that the leakage current can be controlled by the effective potential barrier height.
Although this @s depends on the junction formation, the semiconductor and the metal, it cannot be
larger than the device bandgap and, in most cases, less than 75% of the bandgap energy. Therefore,
the Schottky barrier heights are limited to 0.9 V for silicon device (1.1 eV bandgap), whereas the
barrier heights in GaN semiconductors (<3.3 eV) are three times larger. This advantage in wide
bandgap devices reduces the junction leakage current by several orders of magnitude at any
operating temperature, thus enabling the implementation of devices operating at high voltage and

high temperature where conventional semiconductors are no longer usable.

2.2.5.2.4 Power applications:

In power applications, there exist several sources of power dissipation. Large currents flowing
through power semiconductor devices always imply significant dissipated power in the device
resistance. In addition, considerable instantaneous dynamic power dissipation appears during on-
off switching of power devices. Also, a large amount of power dissipation is induced by off-state

leakage currents flowing while the power devices block high voltages. In case of high ambient
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temperature, the influence of those power dissipation sources becomes more serious and increases
the internal temperature of power devices significantly beyond the surrounding temperature, which

typically results in undesired interaction between power dissipation and device temperature.

However, the special properties of GaN devices, including their wide bandgap, high-drift saturation
velocity, thermal conductivity (SiC substrate), high-breakdown electric field and low-intrinsic
carrier concentration, put them as leading candidates for high-power applications [54, 55], [65],
[66], [67]. Table 2.4 presents the most important electrical properties of GaN compared with GaAs,
silicon and SiC (wide bandgap semiconductor family) [68]. The most common polytypes of SiC
semiconductors are the hexagonal 4H and 6H structures. These polytypes are differentiated by the

stacking sequence of the biatom layers of the SiC structure [69].

Table 2.4: Comparison of Selected Semiconductor Material Properties [68]

Property Silicon | GaAs 4H-SiC | 6H-SIC | 2H-GaN
Bandgap energy (eV) 1.1 1.42 3.2 3.0 3.4
Relative dielectric constant 11.9 13.1 9.7 9.7 9.5
Breakdown electric Field at Np = 0.6 0.6 3.0 3.2 2-3
10*" cm= (MV/cm)

Intrinsic carrier Concentration (cm™) | 101° 1.8 x 10° |~107' ~10° ~1010
Electron mobility at Np = 10 cm™® | 1200 6500 800 60- 400 | 900
(cm?/V.s)

Hole mobility at Na = 10 cm™ 420 320 115 90 200
(cm?/V.s)

Saturated electron velocity (107 cm/s) | 1.0 1.2 2 2 2.5
Thermal conductivity (W/m.K) 150 55 400 480 130

2.2.5.3 GaN challenges and limitations

2.2.5.3.1 Challenges

In spite of the promising properties of GaN devices as great candidates for extreme temperature
applications, there still exist major technical challenges that must be surmounted before their
beneficial properties can be fully leveraged in high temperature electronic systems.

Materials:

The material quality and crystal growth of GaN and Il1-Vs devices remain inherent hinders that

should be overcome to enable these devices to withstand high temperature conditions. The
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heteroepitaxial growth of GaN devices is typically performed on foreign substrates such as SiC and
sapphire instead of single crystal GaN wafer. The I-V characteristics of p-n junctions are
undesirably affected by the crystal dislocation defects in GaN semiconductor inducing leakage
currents greater than estimated in (3), which may hinder the merits of GaN in high temperature
applications due to specific types and density of defects. For high power GaN devices, material
defects have large effects because of the large junction area and high electric fields [55], [66].

Moreover, the device efficiency can be also adversely affected by surface morphological defects
and variations of thickness across the wafer. Therefore, more improvements in material quality and
crystal growth are still required to enable effective use of GaN devices in high temperature
environments. Although demonstration of GaN devices operation at high temperature between 300
°C and 600 °C has been successful [70], long-term reliable functionality is still unachievable and

more fundamental technological adjustments are needed.
Contacts:

Due to the absence of metal contacts with suitably low barrier with the semiconductor, it becomes
difficult to produce ohmic contact to GaN wide bandgap semiconductor. For that reason, a low
resistance ohmic contact is obtained by doping heavily the semiconductor region close to the metal

interface.

Ideally, the Schottky contacts that constitutes the gate should possess a high breakdown voltage
and low leakage current. Generally, Ni and Au are the common metallic Schottky contact materials,
with high work function conducting to high Schottky barrier heights. It is of interest that Ni offers

excellent adhesion to nitride, while Au offers an excellent thermal stability.

The conductive contacts functionality at high temperature is not less important than that of the
semiconductor itself. The reliability of contacts metallization and interconnects between the on-
chip devices presents a substantial challenge for GaN operation at high temperature, particularly
for applications beyond 400 °C. The self-heating generated during normal operation combines to
the surrounding high temperature to cause contact degradation and limit the long-term reliability

of GaN devices.

The metal-semiconductor ohmic and Schottky contacts of n-type and p-type layers must have
thermal stability during the device lifetime. The conductive n-type are more easily obtained than

p-type doping layers due to the difference of acceptor and donor dopant ionization energies. Thus,
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n-type contacts are more mature than p-type contacts and they offer better performance.
Understanding the electrical characteristics and reaction kinetics of metal/GaN interface are the
main focus of several researchers who also study diffusion barriers in case of multilayer
metallization. Although hermetic packaging is a good solution to protect the contacts at high
temperature, developing contacts that are thermally stable at high ambient temperature leads to

simpler and less expensive packaging.

The Ti/Al/Ni/Au low resistance ohmic contact has been studied in [71] between 25 °C and 600 °C
for n-type GaN. On the other hand, various Schottky contacts such as n-GaN Ni/Au, Ni/Pt/Au,
Pt/Ni/Au and Pt/Ti/Au have been investigated in [72] for temperatures going up to 400 °C. In
parallel, a novel Mo/Al/Mo metal stack is introduced in [13] to improve the robustness of ohmic
contacts at high temperature reaching 500 °C. A high-K dielectric is deposited to provide Schottky
contacts showing stable dielectric permittivity and reduced leakage over a wide temperature range.
However, it offered breakdown voltages decreasing with temperature due to the ionization of deep

traps in the dielectric material.

Due to the difficulties of realizing conductive p-type GaN layers, obtaining highly stable contacts
of this material has presented serious challenges so far. Additionally, more studies are still needed
to investigate the reliability of GaN ohmic contacts in presence of electromigration and chemical
reactions with applied electrical bias at oxidizing high temperature above 400 °C. Thus, significant
challenges related to GaN contacts must be surmounted to enable GaN devices to support long-

term operation in real environment and at temperatures higher than 600 °C.

2.2.5.3.2 Limitations

The limitations of GaN HEMT can be separated into two types: 1) technological, such as barrier
scaling, thermal limitations and chemical limitations, and 2) intrinsic associated with current

collapse and device self-heating.
Technological limitations:

The output power is proportional to the barrier thickness. On the other hand, this barrier thickness
is inversely proportional to the device cut off frequency. This conflict could be resolved with
several techniques such as using a thin barrier with a low surface potential and high polarization

discontinuity as well. For example, an AIN barrier layer can be applied [73] and the break down



35

voltage could be maximized by utilizing slanted gates [74]. Optimizing the buffer layer growth
with an extremely insulating materials would reduce the buffer leakage current [75]. It is very
important to suppress the leakage current of Schottky contacts on the Mesa edge to improve the
mesa isolation. Reducing of gate source resistance by shortening the gate source distance and
contact resistance would decrease the knee voltage which directly affects power devices. The
influence of tunneling of ohmic contact could be minimized by contact recess [76], selective doping

[77] or re-growth of ohmic contact region [78].

In addition, the so-called recessing process avoids undesired kink effects and prevents Rc (contact
resistance) and gm (transconductance) nonlinearities [79]. A piezoelectric polarization is also
related to the Al concentration, which leads to a drop in the electron mobility and increases the
barrier strain and strain relaxation [80]. Additionally, stress in the barriers hinders the growth of

thick barriers to prevent cracking and defects.

Additional challenges can appear when the recessing process is applied on thick barriers. One of
the challenges is damage of the heterostructure polarization by discriminatory etching [81].
Another type of faults that can result from physical defects is an increase of gate leakage currents,
which are dominated by the tunneling mechanism, especially when the junction is forward biased.
The leakage current can be shrunk by raising the Schottky barrier height through some higher metal
barrier or by modifying the surface potential with wet chemical or plasma treatments [82, 83].
Another alternative is a gate dielectric approach forminga MOSHEMT [84] or an InGaN cap layer
on the barrier layer [85].

Chemical limitations appear when the GaN HEMT device is utilized in chemical applications [86,
87]. In this case, a stable passivation layer is required to protect the free surfaces of the device. And
the thermal limitations present when the device operates in high temperature environment or during
high power operation causing self-heating effects. In such conditions, the heterostructure may
suffer degradation or surface decomposition [88] if materials reach their chemical stability limit.
Thermal management is a key solution when dealing with self-heating, but in high temperature
applications, the device, the passivation material, and the contact metallization should be thermally

stable.

A promising solution is to overgrow a diamond layer over the HEMT devices, taking advantage

from its high thermal conductivity to obtain an efficient heat management system. However, this



36

approach is not applicable to all GaN HEMT devices, because of the harsh growth environment
conditions which could degrade the GaN device [89].

Intrinsic limitations:

The previous technological limitations can be avoided by selecting a suitable heterostructure and
proper device design. On the other hand, the intrinsic limitations discussed here are of prime
interest when considering the device reliability because they cannot be prevented. For instance, the
dispersion effect (lag effects) that can induce the current collapse phenomenon is inherent in all
GaN heterostructures. Dispersion is due to the polarization counter charge on the top surface.
Current collapse can degrade power performance and DC characteristics of GaN devices, even
before the predicted theoretical values.

In planar GaN HEMT devices, a high-breakdown voltage can be obtained by removing the surface
donor charge localized in the area between the gate and drain. On the other side, this will induce
drain-lag current collapse if the injected charges are not able to track the swing frequency of the
applied voltage. This phenomenon is observed when the device operates at high power, but it does
not appear in small signal operation and it does not affect the cutoff frequency and the fmax.
Several experimental technigques can be used to detect current collapse, such as large signal pulsing,
switching operation and dual gate methods. In addition, current collapse effects can be observed
by combining DC characteristics with dynamic load lines at RF operation.

Current collapse effects can be controlled by regulating the injected lateral charge. To do that, a
passivation layer could be added to prevent the injected charges from running on the surface [90].
In this case, charges will concentrate in the passivation layer, far away from the surface. This is
obtained with suitable surface treatment and passivation type. With an efficient passivation, the

impact of virtual gate effects can be reduced very significantly.

Moreover, a lossy dielectric can be used to augment the injected charges mobility shifting the
current collapse to higher operation frequencies. Additionally, this effect can be reduced by using
gate recess and the field plate mechanism. Eventually, controlling the charge and discharge of
surface traps traveling between the gate and drain is an essential factor to reduce current collapse.

This can be done by controlling the device fabrication steps and the passivation deposition.

The most common passivation to reduce the current collapse of GaN HEMT devices are MOCVD

Si3N4 [91] and PCVD (plasma chemical vapor deposition) SisN4 [92], in addition to combinations
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of gate dielectric and passivation ALD-AI>O3 [93, 94] and high dielectric constant oxides such as
MgO, HfO2 and ZrO [95, 96].

Self-heating represents a major factor that can limit the reliability and performance of GaN
HEMTSs. Indeed, the device temperature increases with the dissipated power. This self-heating
affects the device high-frequency operation and output power due to the reduction in drift velocities
and mobility respectively [97]. In addition, higher device temperatures accelerate electromigration
and aging of device metallization that can affect reliability and induce device failure [98].
Therefore, an effective heat dissipation management is necessary to get a reliable device, especially

in power applications.

The device temperature could be estimated by several techniques such as scanning thermal
microscopy [99], photo-current measurements [100], microphotoluminescence [101], micro-
Raman spectroscopy and infrared thermography [102]. It was reported that efficient device design
and packaging have a significant impact on thermal management. Notably, the substrate has a
major role as it is the main heat removal path connecting the device to the package heat sink. Thus,
for more efficient heat management, a higher thermal conductivity substrate is required. For that
reason, SiC is considered the most appropriate substrate material when compared to Si and
Sapphire since it has a superior thermal conductivity. However, extraction of heat can also be done
from the top of the device by coating it with high-thermal conductivity materials such as diamond
[103].

2.2.5.4 High-temperature GaN generations

As they already provide reliable contacts, interconnections and packaging, the I1II-N
semiconductors are suitable candidates for high ambient temperature. However, the major
obstruction of these devices is represented by charge trapping effects. The latter is a function of
operation temperature and adversely affects the electrical characteristics of the device. Although
junction devices (p-junctions) are possibly reliable for high temperature, the Insulated-Gate Field

Effect Transistors (IGFETS) are favorable for practical electronic system implementation.

To obtain reliable high temperature IGFETS, gate insulating material should maintain adequate
insulation and interfacial characteristics at the targeted high-temperatures (300 °C-600 °C) and
high-electric field stress. However, such properties high quality insulating materials are extremely

difficult to obtain with 111-N semiconductors.
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While the high-temperature operation of 111-N IGFETs exceeding 600 °C has been demonstrated
[104], long-term operation at such operation temperature still demands more improvements in the
gate insulation ability due to two essential defections. The first one is the insufficient insulation
properties which lead to undesirable charge leakage from the device channel. This leakage may
change the threshold voltage (V1) of the IGFET by creating traps in the insulator. Adding the
degradation mechanism to insulator carrier leakage, these two defects are undesirably accelerated
with higher operation temperature. Secondly, in case of GaN device, the undesirable electric
charges at the interface of the semiconductor and insulator have higher densities negatively leading
to fragile channel mobility (p). This, in terms, damages the electrical performance of the IGFET
[61].

Aiming to improve the I11-N IGFET devices, research efforts have focused on alternative insulation
materials and improved processing. However, compared to the advanced reliability and
performance of Si/SiO. MOSFET devices even at low operation temperature, massive challenges
should be overcome until the 111-N IGFETSs can be considered as acceptable devices with proper

functionality for operation ambient temperature well beyond 500 °C.

2.2.5.4.1 GaNHBT

Compared with FET devices, GaN based HBTs provide better options for RF applications. They
offer significant advantage from the IC manufacturing point of view. They rely on uniform turn on
characteristics and are convenient for current amplification and impedance matching for high-
power applications. Also, GaN HBTs offer important benefits in harsh environments subject to

high total dose of radiation, corrosive and particularly extreme temperature applications.

Many researches focused on AlGaN/GaN HBTs aiming to provide junction transistors [105], [106].
However, only marginal improvements were reported. The limited success appears related to the
unavailability of low resistance base layers, combined with limited fabrication techniques, and
shortage in high crystalline quality epitaxial structures and low defect density substrates. Moreover,
a fundamental factor in GaN HBT devices is the low free hole concentration in p-type epitaxial
GaN layers that introduces serious emitter crowding effect. This deficiency is treated in
GaN/InGaN HBTs by utilizing InGaN base layer aiming to minimize the resistances of base sheet

and p-type contacts [107].
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Some researchers have tried to reduce etching deteriorations in the base layer by using an epitaxial
regrowth approach in npn GaN/InGaN HBTs [108]. The response of GaN HBT was studied
between room temperature and 250 °C to investigate the performance of this device at high
temperature [109]. This Double Heterojunction Bipolar Transistor (DHBT) was grown on a Free
State (FS) 40 x 40 pm? GaN substrate. When the temperature increases from room temperature to
250 °C, the device gain current is reduced from 115 to 43 respectively as shown in Figure 2.15(a).
The current reduction was related to a reduced emitter injection efficiency and a higher

recombination rate introduced by Mg ionization and free-hole concentration in the base.

Similarly, the Ic — Vce characteristics in Figure 2.15(b) show a drop in the knee voltage from 5.2
V to 2.75 V for Ig = 500 pA in addition to a reduction of the offset voltage from 0.8 to 0.3 V. The
knee voltage and offset voltage reduction are due to the drop in base resistance at high temperature.
Moreover, as the temperature increases to 250 °C, the breakdown voltage BVceo is shifted from
90 to 157 V, which highlights the dominant role of the impact ionization process on GaN/InGaN
HBTSs. In the case of pnp AlGaN/GaN HBTS, it is reported that these devices can endure operating
temperatures of 590 °C with current gain = 3 [110]. Considered globally, these results confirm that

GaN HBTSs can operate at extreme operating temperatures.

0 1 E-'-.-- 125(.: ||||||| I. L 1 200 g0l .. zsc iE7
" 4——250C] 175 70 250C Z 1E-8
. }GaNIInGaN DHBT on F5-GaN )l 150 3% GaN/inGaN DHBT :’1 E9] /
< 1E3 a0 7 1" 0 601 o a s0an .
I évw=w - 1125 § 50 . step=100:4 1E-105*
g 1E5; [1008| |2 40
3 4.7 0| [Sos0] e
1E-7 o) - ]
5 20- AR
1E-94 Ll
] 10 - e
- 0' T
1E-11 0 5 10 15
Ve (V)
(a) (b)

Figure 2.15: DHBT grown on a GaN substrate, a) Gummel plot, b) Common-emitter
characteristic [109]

A high performance of InGaN npn HBTs has been reported in [111]. This device was grown on a
sapphire substrate by MOCVD and it showed high collector current density (Jc), low knee voltage

(Vknee), low offset voltage (Vofrset) and high BVceo characteristics. In the same work, another
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InGaN HBT was grown on free-standing GaN substrate. This device showed reduction in peak
current gain from 93 at 25 °C to 35 at 250 °C (see Figure 2.16(a)) in addition to higher free-hole

concentration as shown in Figure 2.16(b) leading to base resistance and Vinee reduction.
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Figure 2.16: A measured Gummel plot of the DHBT at different temperatures, b) Measured
current gain (B = Ic/ Is) and free hole concentration (p) calculated from 1/C2v.s. Ve curve fittings
at different temperatures from 25 to 250 °C [111]

2.2.5.5 Recently developed devices:

The fabrication processes and the characterization of AlGaN/GaN HEMT devices (depicted in
Figure 2.17(a)) are discussed in [59]. These processes used sapphire and silicon substrates. The
ohmic contacts reported in that work are multilayered Ti/Al/Ni/Au contacts annealed at 900 °C and
the Schottky contacts are Ni/Au metal layers. Three etching techniques are investigated: RIE ECR
(reactive ion etching with electron cyclotron resonance), photochemical etching and lon beam
etching. The latter, using Ar+ ion sputtering, is more reliable and leads to a better controlled
process, smooth surfaces, sharp edges, well defined sidewalls and an etching rate of 30nm/min.
The HEMT on sapphire substrate was optimized by RoundHEMT technology (depicted in Figure
2.17(b)).

As plotted in Figure 2.18(a), the degradation of maximum saturation drain current (Ipss) and peak
extrinsic transconductance (gm.ext) increase with temperature for both sapphire and silicon substrate
devices. In parallel, the study of self-heating effects shows higher temperature dissipation in the
channel of sapphire substrate device when compared to the one observed in devices built over

silicon substrates as plotted in Figure 2.18(b).
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Figure 2.17: a) Photograph of a AIGaN/GaN HEMT. Three ohmic contacts (drain D and source
S) and two finger Schottky contacts (gate G) at the top of the mesa are placed, b) Simple
RoundHEMT layout with ohmic contacts (source and drain) and Schottky contact (gate) [59]
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Figure 2.18: AlGaN/GaN HEMTSs on Si and sapphire substrates: a) Temperature dependence of
Ipss and peak of gm,ext Normalized to their room temperature values, b) Dissipated power-to-

channel temperature transfer characteristics [59]

In addition, the influences of doping density of an AlGaN carrier supply layer combined with an
AlGaN barrier layer or various thickness are studied in [59] along with their impacts on the

electrical properties. By reducing the gate length and source to drain distance, the device
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performance is improved due to the reduction in source and gate resistance. However, due to its
poor thermal conductivity, the sapphire substrate is not suitable for high power and high
temperature applications. The AlGaN/GaN RoundHEMTs (depicted inFigure 2.18(b)) on silicon
substrate shows better performance at higher temperature (320 °C) and high power (6 W/mm). The
DC and RF performance of this device increased with the doping density. It was observed that
Si3N4 passivation has better impact than SiO>. It improved the DC and RF performance, the 2DEG

concentration and the output power density.

A novel AlInN/GaN HEMT is presented in [20] as an alternative of AlGaN/GaN. The performance
of this device with 0.25 pum and 0.15 um gate lengths is discussed. The reported measurements
indicate a surface more stable than in AlIGaN/GaN devices in addition to high-chemical stability at
temperatures of 1000 °C in vacuum as shown in Figure 2.19. The key solution, as depicted in Figure
2.20, isto insert a thin AIN interfacial layer between a thick GaN buffer and a thick undoped AlINN
barrier layer resulting in high mobility, low sheet resistance and high sheet charge density. The
device is grown using an AIXTRON Metalorganic Vapor Phase Epitaxy system on 2-inch diameter
sapphire substrate. The ohmic contacts with this technology are obtained from a Ti/Al/Ni/Au metal

sequence annealed at 890 °C. Ni/Au Schottky gates and contacts are defined by e-beam lithography.
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Figure 2.19: 0.25 x 50 um? Alin/GaN HEMT device tested at 1000 °C: a) Sample under test, b) I-
V characteristics where Vgs is swept from -8 V to 0 V by steps of 4 V [20]
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Figure 2.20: Schematic cross section of an AlInN/GaN HEMT structure [20]

Between 2009 and 2011, the MORGaN project [112] was an extension of UltraGaN project
launched in 2005 under the FP6 (FET-IST) program [113]. MORGaN focused on INAIN/GaN as a
candidate for extreme environment applications [114], [19, 115-118]. Investigating the availability
of GaN growth on polycrystalline diamond and Si substrates, MORGaN provided the first
European demonstration of 2-inch wafers. Moreover, the same team had already demonstrated the
first AIGaN/GaN HEMT with direct growth on ‘111’ single crystal diamond, in addition to the first
InAIGaN HEMT grown on 2-inch free standing wafers using a substrate combining 2 um of ‘111’
silicon grown over a 70 um polycrystalline diamond layer. Also, they had successfully developed
diffusion barriers for Ti/Al ohmic contacts dedicated to HEMTs and harsh environments (800 °C).
Multilayer structures of TiN/TiSiN (Cu mounting layer coverage) and ZrN/ZrB, (Au mounting

coverage layer) were investigated and realized.

In [103], significant work on fabrication and characterizion of InNAIN/GaN HEMT devices was
reported. A nanocrystalline diamond (NCD) coated lattice matched (LM) InAIN/GaN technology
is proposed to solve the self-heating device problem. Due to the high lattice mismatch, AIN suffers
serious limitations with respect to mechanical stability that makes it unfavorable for NCD
overgrowth. However, InNAIN possesses better matching of grown lattice over a GaN buffer layer
with 83% of Al content. This avoid mechanical stability issues and preserve a high density of the
2DEG taking into account the larger polarization discontinuity with the buffer layer. Investigating
the performance and limitations of the LM-InAl/GaN HEMT, the results showed an interesting

high thermal stability of the device. This leads to accept uncommon treatment of HEMT inherent
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limitations such as current collapse and gate leakage by utilizing thermal oxidation of the LM-

InAIN which, in terms, appears as a perfect surface passivation component.

Preliminary testing at 800 °C ensures the compatibility of NCD growth with the HEMT capability
while observing degradation in metallization and passivation. The optimization is done by
Diamond growth process developing Diamond coated HEMT devices (Figure 2.21(a)) capable for
continuous operation at 1000 °C (Figure 2.21(b)). Additional improvement can be achieved with
this HEMT structure to sustain higher temperature. The observed degradations were not in the

transistors but only in other peripheral elements such as metallization and passivation.
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Figure 2.21: a) Cross section of NCD overgrown Ino.17Alo.gsN/GaN HEMT [115], b) Evolution of

the mean drain—source current (Ibsmean) With test time. (Inset left) Evolution of threshold voltage

(V) from RT up to 1000 °C. Small changes above 600 °C can be attributed to a slight increase in

the gate diode leakage current. (Inset right) SEM picture of the device, SiN passivation removed,
after 25 h testing at 1000 °C. No visible damage can be observed [114]

Aiming to increase NCD films thickness, the overgrowing was performed with no other changes
besides the omission of Cu from ohmic contacts that was used as gate metal only. At storage
temperature of 1000 °C, Cu diffuses into the SisN4 passivation layer, thus inducing conduction

paths on the surface that eventually lead to short circuits between contacts.

To solve the situation, Mo or Pt replaced the Cu and the deposition conditions of PCVD SizN4 was

regulated. The following step was the deposition of the bias enhanced nucleation (BEN) interlayer
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system and a NCD layer approximately 3 um thick obtained after 28 hours of growth at 750 °C.
After that, in-situ SisN4 was used as an alternative to the PCVD SisN4 showing convenience for

high power GaN devices.

Another alternative was the utilization of an Al.Oz layer obtained by atomic layer deposition
(ALD) that showed high thermal stability. This passivation layer is good in MOSHEMT as it allows
improving the gate diode stability at high ambient temperature by considerably lowering the gate
leakage. As proposed future work, the single crystal Diamond substrate can be integrated with the
top NCD coating layer leading to Diamond encapsulated GaN HEMT devices with exceptional
heat extraction capability and durable surface.

A homojunction vertical GaN PIN rectifier was characterized at various temperatures [119]. The
device was fabricated on a free-standing GaN substrate and tested from room temperature up to
175 °C with free carrier concentration of 2x10® cm. The positive impact of a thin layer of Gd.Os
gate dielectric on an AIGaN/GaN MOSHEMT was demonstrated in [120]. The device was grown
on a silicon substrate and tested at 500 °C, where reported results show lower gate leakage current
and stable DC performance when compared with conventional AlIGaN/GaN HEMTs. Moreover, it
was concluded that the thermal stability of GaN with this Gd.Oz dielectric layer could be enhanced

by a soft thermal annealing process.

2.2.5.6 GaN implementation:

Despite the suitability of GaN technology for HT environment, limited integrated circuits and
sensors are implemented based on GaN devices for HT applications [13], [21, 22]. In [22], a 31-
stage ring oscillator, frequency dividers, several logic gates, and a comparator as shown in Figure
2.22 have been implemented based on GaN/AlGaN HFET device and tested at 300 °C. Another
work [21] presents an AlGaN/GaN-based inverter grown on sapphire substrate by MOCVD and
integrated with depletion mode HEMT and enhanced mode MOSFET. The inverter is characterized
at high temperature between room temperature and 300 °C. The relative variations of voltage
swing, threshold voltage, logic-low noise margin and logic-high noise margin are respectively
2.2%, 5.7%, 12.9% and 4.9% from RT to 300 °C.

Novel AlINN/GaN integrated circuits had been demonstrated in [13] operating at 500 °C. The
fabricated inverter and differential amplifier (shown in Figure 2.23) were tested at 500 °C showing

stable performance with internal response time 45 ns and unit-gain bandwidth above 1 MHz. High-
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K passivation/gate dielectrics and new metallization scheme sustainable at high operation
temperature are the main advancements in that work. Mo/Al/Mo ohmic metal stack was utilized to

solve the problems of Ti/Al/Ti/Au ohmic contact and Ti/Au interconnect at high operation

temperature of 500 °C.
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Figure 2.22: Schematic of GaN HFET-based digital circuits. (a) Inverter block used in ring
oscillator, and (b) Comparator [22].
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Figure 2.23: Schematic of GaN HFET-based integrated circuits. (a) Inverter, and (b) Differential
amplifier [13].
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Table 2.5: Extreme environment semiconductors comparison

Extreme environments electronics

Tech. | Hightemp. ' Lowtemp. | Intense Rad.

Si - + -

SOl + + ++
SiGe | + ++ ++
SiC ++ + ++
GaN | ++ ++ ++

Availability
+
+
+

Table 2.6: Foundries of harsh environment electronics

Reference Tech. Foundry Type
[30, 34] SOl Honeywell CMOS 0.8um
[25] SOl N/A 0.8um BCD on SOI process
[26] SOl N/A CMOS 0.13um
[28] SOl N/A MESFET 0.6um
[29] SOl N/A MESFET 0.15um
[31], [33], [34], @ SiGe IBM SiGe HBT
[35]
[36] SiGe NASA SiGe HBT and SiGe BiCMOS
[37] SiGe IBM 0.12um SiGe BiCMOS8HP
[38], [39] SiGe NASA 0.5um SiGe BiCMOS
[40], [41] SiGe IBM 90nm SiGe HBT BiCMOS
[12] SiC Cree Inc. 4H-SiC JFET
[44], [45] SiC NASA 6H-SiC JFET
[43] SiC GE 4H-SiC BJT
[46] SiC Raytheon 4H-SiC CMOS
[48] SiC Raytheon 1.2um SiC CMOS
[49] SiC N/A SiC JFET
[51] SiC N/A 4H-SiC MOSFET
[50] SiC Cree Inc. SiC MESFET
[11] SiC Cree Inc. 4H-SiC MOSFET
[17] GaN N/A GaN/InGaN DHBT
[110] GaN Cree, Sumitomo | GaN HEMT
and RFMD
[114] GaN I11-V Lab 0.25um InAIN/GaN HEMT
[21] GaN N/A AlInN/GaN HFET
[13] GaN HRL Lab AlGaN/GaN HFET

*N/A: Mainly in-house fabrication or unknown

Recently, a team at the Polystim Neurotechnologies Laboratory [121] is investigating the

possibility to develop microelectronic systems for harsh environment based on AlGaN/GaN HEMT



48

[122-125]. Some preliminary results showed relatively stable characteristics of GaN devices tested
at temperatures ranging from room temperature to 400 °C. By completing the development of
robust models for the desired GaN device, the next step is directed towards implementing wireless

power and data transmission systems dedicated to aerospace harsh-environment applications.

Table 2.5 provides a summary for the developed extreme environment electronics technologies so
far, and Table 2.6 lists the main foundries where most of the discussed harsh environment devices
and implemented circuits were processed. As it is shown, standard silicon is only suitable for low-
temperature applications. However, the silicon on insulator (SOI) is better for intense radiation
environment. Silicon germanium (SiGe) is mostly appropriate for low temperature and intense
radiation application. Silicon carbide (SiC) and gallium nitride (GaN) are great candidates for all

the extreme environments however they are still not commercially available.

2.2.6 Contacts

The conductive contacts functionality at high temperature is not less important than that of
semiconductor itself. The reliability of contacts metallization and interconnects between the on-
chip devices presents a substantial challenge for devices dedicated to operating in high-temperature
conditions particularly for applications beyond 400 °C. The generated self-heating during operation
in addition to the surrounding high temperature provoke contact degradation and limit the long-

term reliability of these devices.

One of the notable failure mechanisms at high temperature is the electromigration process, where
the current flowing into a conductor conducts to a bulk motion of the material and leads to open
circuit. Depending on the current density and temperature, the time to failure for a conductor can

be described by Black’s equation (equation (2.8)),
tran = Aj "efa/kT (2.6)

where trail is the mean time to failure, A is the specific coefficient of a metal process, j is the current
density, n is a coefficient typically between 2 and 3, and E, is the thermal activation energy. As
noticed from the equation, the lifetime of conductor is quickly decreasing with function of
temperature and current density. The current density should be addressed by designers to limit it.
On the other hand, for operating temperature more than 200 °C, the reliability issue of devices and

corresponding conductors must be addressed.
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Aluminum conductor is widely utilized in Si chips; however, it fails for temperature above 200 °C
due to electromigration after few thousand operating hours and above 300 °C in hundreds of hours.
In GaAs circuits, gold is commonly used with need of burrier metals and adhesion layers.
Comparing with Al, gold is more resistant to electromigration. However, it alloys with diffusion
barrier and adhesion layer at high temperature causing a large increase in resistance and
consequently affects the device and circuit performance. In parallel, tungsten is much more

resistant to electromigration than Al and used as a conductor.

Another critical issue at high temperature is the failure possibility of interface between different
materials due to diffusion, chemical reactions and other metallurgical reactions. Consequently,
there is a need to develop thermodynamically stable interfaces. In addition, mechanical stresses
could be applied to the interfaces because of thermal expansion coefficient mismatches. Also, at
extremely high-operating temperature (>600 °C), it would be necessary to take into consideration

the degradation of p-n junctions and diffusion of dopants.

The interface stability issue has been solved by utilizing layers of materials. It is done by adding
the ohmic and Schottky contacts to the semiconductor devices, followed by a diffusion layer to
separate the contacts from the high electrical conductive interconnect layer as described in Figure
2.24. The contact material, such as silicide, should ensure the completion with the semiconductor
and maintain relatively high electrical conductivity. The diffusion layer must be inert to the
interconnect metal and to the contact. The way of preparing this layered structure (contact-diffusion
barrier-interconnect) is as important as the choice of the materials. The utilized processing
techniques has a direct impact on the metallurgical properties, which in terms affect the diffusion
rates and intermetallic formation due to chemical reactions between the layers. For devices
operating at extremely high-temperature, one of the main challenges is to develop such a stable

structure of multilayer metallization systems.

Great efforts have been done toward developing ohmic contacts to SiC for high-temperature
applications. In [126], TiW-based contacts with aluminum interconnect was successfully tested
over 500 hours at 400 °C. Similarly, Ti/TaSi./Pt multilayer contact to n-type SiC shows stable
ohmic properties for 1000 hours of annealing at 600 °C [127]. More studies are necessary to obtain

similar results for p-type SiC.



Interconnect metal

Diffusion barrier

Contact

Semiconductor

Figure 2.24: Proposed structure for making contacts in high-temperature devices

Table 2.7: Contacts and metallization types of presented devices

Device | Reference

Interconnect and contact
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[25]
SOl [26]
[27]
[28], [29]
SiGe | Other references
[40]
SiC Other references
[43]
[44]
[45], [46]
[47]
[11]

[52]
Other references
GaN [128]

[109]

[110]
[114]
[129]
[13]

Oversized interconnect + multiple pad connections +N/A
N/A

TiN/Al

Silicon/silicide/metal

N/A

n-well and p-sub contacts

N/A

Ti/Ni/TiW/Cr

Ti/Al/Ti/Au

TaSiy/Pt

P-WELL contacts

Ni/Ti/WITi/Ti/Al (ohmic contact) + W/Ti/W/Ti/Ti/Al (gate
contact)

Ni (ohmic contact) + Al (gate contact)

N/A

Ti/Al (ohmic contact) + Ni (gate contact) + Ti/Au (interconnect

layer)

Ti/Al/Ti/Au (emitter and collector contacts) + Ni/Au (base ohmic

contact) + Ti/Au (interconnect layer)
Pd/Au (p-type layer) + Al/Au (n-type layer)
Ti/Al/Ni/Pt (ohmic contact) +Mo (gate metal)

Ti/Al/Ni/Cu/Ti/Pt (ochmic contact) + Cu/Pt/Cu/Ti/Pt (gate metal)

Ti/Mo/Al/Mo/Ni/Au (ohmic contact) + Ti/Ni/Au/Ni
(interconnect)

N/A”: Type not mentioned in the related reference

Ti/Al/Ni/Au low resistance ohmic contact has been studied in [71] between 25 °C and 600 °C for
n-type GaN. On the other hand, the Schottky contact of n-GaN Ni/Au, Ni/Pt/Au, Pt/Ni/Au and
Pt/Ti/Au has been investigated in [72] up to 400 °C. In parallel, a novel Mo/Al/Mo metal stack is

introduced in [13] to improve the robustness of ohmic contact at high temperature reaching 500
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°C. A high-K dielectric is deposited to provide Schottky contact showing stable dielectric
permittivity through wide temperature range in addition to the decreasing of the breakdown voltage

and leakage current.

Due to the difficulties of realizing conductive p-type GaN layers, obtaining highly stable contacts
of this material presents as serious challenge so far. Additionally, more studies are still needed to
investigate the reliability of GaNs ohmic contact in presence of electromigration and chemical
reactions with applied electrical bias at oxidizing high temperature more than 400 °C. Thus, radical
challenges in GaN contacts must be surmounted to enable this device to support long-term

operation in real environment and at high temperature more than 600 °C.

Table 2.7 summarizes the utilized contacts and metallization systems of the presented harsh

environment devices in the previous sections (SOI, SiGe, SiC and GaN).

2.2.7 Passive components

The microelectronic devices dedicated for operating in extreme environment conditions have been
developed to sustain such harsh conditions, such as SiGe technology for cryogenic conditions, SiC
and GaN for high temperature applications and SOI for intense radiation environment. These
pioneering technologies support the transistor level of microelectronic systems to endure the harsh
environments, while the integrated passive components are not well designed for such extreme
conditions. Therefore, it is deeply needed to investigate the passive components responses with the

variations of applied environment conditions.

Military passive components operable temperature range is usually —55 °C to +125 °C. The
measurement of variation in component value is commonly reported by temperature coefficient in
ppm/°C. The discrete passive components performance was characterized at extreme low
temperature. It was noticed that commercial components suffered significant variations in value
when the temperature falls below —50 °C. However, similar studies confirmed the capability to

provide discrete passive components able to operate successfully at -200 °C [130].

On the other hand, the on-chip passive components integrated on silicon platforms have low
temperature operation limits as well, where the minimum temperature of Mil-Spec range is only
—55 °C. However, different related researches [131] have successfully performed a wide range of

operational temperature (—180 °C to +120 °C) for integrated passive components.
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Similar study on monolithic MIM capacitors investigates their behavior for wide temperature range
(—173 °C to +177 °C) [132]. Figure 2.25(a) shows a linear relation between the capacitance values
with the temperature variation. The total chance of capacitance across the full 350 °C temperature
range is about 10%. In another research [133], the impact of temperature on both polysilicon and
diffused resistors has been investigated. As shown in Figure 2.25(b), it is noticed that the
polysilicon resistors have a negative temperature coefficient which differs with doping type
difference. In the opposite side, the diffused resistors have a positive temperature coefficient.
Recent review [23] summarizes the available high temperature commercial capacitors with

temperature limit of 260 °C and commercial resistors with 350 °C.
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Figure 2.25: a) Modeled vs measured data for MIM capacitors [132], b) Resistance vs

temperature range [133]

Another important integrated passive component to be investigated and study its response with the
temperature variation is the inductor. Several researchers examine the effect of temperature on both
inductance and quality factor (Q) of monolithic inductors [134]. A slight variation of inductance in
terms of temperature range —55 °C to +125 °C for an on-chip spiral inductor printed in a SiGe
platform has been revealed as shown in Figure 2.26(a), whereas Figure 2.26(b) indicates an
improvement in Q along with temperature decreasing. The latter has been confirmed by modeled
and measured tests.

A discussion of the strong temperature dependence of Q explains the two mechanisms at work.

The aluminum metallization of the inductor has a positive TCR (temperature coefficient of
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resistance) which makes the inductor loses more as temperature increases, but the substrate

resistivity also increases with temperature, resulting in less substrate loss.

For the applications beyond the 250 °C step, most of the commonly used soft-magnetic cores
become paramagnetic where the inductors lose their magnetic properties. Therefore, new ferrite
materials have been developed with Curie temperature more than 350 °C to overcome this issue
[135].
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Figure 2.26: a) Measured inductance versus frequency, b) Modeled and measured Q versus

frequency [134]

The radiation studies are mainly focusing on microelectronic devices such as CMQOS and bipolar
transistors. However, less effort has been applied to investigate the impact of radiation on the
passive components usually connected with the active devices and significantly affect the
functionality of overall microelectronic system. The radiation effects, as mentioned before, can be
distributed into three main phenomena: Total ionizing dose (TID), displacement damage (DD) and
single-event effects (SEE). The passive components have no response for the TID due to the
absence of the sensitive regions.

Nevertheless, the TID damage may appears as an increment of substrate coupling from the layers
under the inductor, or as a deteriorated MIM capacitor dielectric. DD can affect the passive
components by changing the resistivity of a resistor or modifying substrate coupling of an RF
inductor. To quantify the impact of TID and DD on on-chip passive components, several researches
have been done by exposing the passive elements to high proton flow [136-138]. The results of
these studies indicate negligible variations in the passive elements values. Regarding the SEE

effect on the passive elements, a CMOS capacitor could be ruptured (fatal event), or charge might
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be added to a diffused region of a resistor by an ion strike with enough energy. Several studies have
been performed to examine the influence of SEE on the passive elements [139-142].

2.2.8 Packaging

The electronic single chip and multichip packaging including the electrical, thermal, mechanical
and physical implementation has many serious challenges when the packaged electronic system is
dedicated for extreme environments, especially extreme temperature applications [143], [125],
[124].

For the low-temperature electronics, the variation of material characteristics is the principal defy
of packaging. For example, the modulus of elasticity is increasing for polymers and metals, the
coefficients of thermal expansion (CTES) is decreasing, the elongation is decreasing for metals and
polymers, the phase transitions in metals and solders is affected, and the thermal conductivity for
metals and ceramics is increasing [144]. Certain studies have been performed to investigate the
reliability of thin-film multichip and chip on board (COB) packaging devoted for extreme low and
wide range temperature applications (-180 °C to +125 °C) [145-147], evaluating the materials of
substrates, die attach, encapsulant and wires. It is needless to say that the low temperature
packaging is a specialized domain limited in information and still need more investigation about

the appropriate materials and reliability of different packaging approaches.

On the other face of extreme temperature applications, the high temperature electronics packaging
has faced several serious challenges like the melting of solder alloys, damage and cracking due to
the coefficients of thermal expansion (CTE) differences, polymeric material decomposition,
diffusion, intermetallic formation and creep. The substrate, die and substrate attach, wire bonding
and packages are the principle sections of the packaging procedure. The recommended substrate
types for high-temperature conditions are printed circuit board (PCB) based on polyimide
laminates to sustain a temperature of 250 °C, thick film substrates using Al>Os with maximum
endurable temperature of 500 °C [148] and thin film substrates with highest affordable temperature
of 300 °C [149] based on SisN4 and Aluminum nitride (AIN). Other substrate types dedicated for
high-temperature operation are the low-temperature cofired ceramic (LTCC) achieving 300°C
[150], high-temperature cofired ceramic (HTCC) exceeding the gate of 225 °C [151], and copper
foil on ceramic [152], where the researchers have demonstrated direct bond coper (DBC) on

Aluminum oxide (Al.Oz3) for steady operation at 400°C.
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Regarding the die and substrate attach materials, we can include five main categories dedicated for
high temperature environments: the polymer-attach materials reaching maximum temperature of
250 °C [153], Ag-glass with similar endurable temperature as well [153], solders and brazers where
high temperature soft solders at 200 °C has been evaluated successfully [154] and thermal
cycling of +40 °C to 400 °C shows cracking within the braze layer [155], transient liquid phase
(TLP) bonding with capability to reach 500 °C [156], and sintered nanoparticles capable to sustain
175 °C [157]. The wire bonding materials for high-temperature conditions are mainly Au, Al, Pt
and Ni. The temperature limitations of several wire combination and pads are listed in Table 2.8
and Al wiring to thick film Au is evaluated in [158] at 300 °C. Au and Pt wire bonding materials
are investigated in [159] at 500 °C.

The packaging materials used in consumer applications are mainly plastics with endurable
temperature less than 175 °C, which is not suitable for high-temperature environments. Glass
packaging materials are appropriate for 180 °C-220 °C of temperature range [160], whereas the
silicon encapsulants are demonstrated to perform 250 °C for continuous operation [161]. For high-
temperature conditions, metal and ceramic are normally the required packaging materials
exceeding the edge of 400 °C [162], with higher temperature performance of brazed ceramic
reaching 800 °C [163]. Another succeeded study has been demonstrated at 500 °C using prefired

ceramic layers metalized with thick Au conductors [164].

Table 2.9 summarizes the essential parts of high-temperature packaging started by substrate, die
and substrate attach, wire bonding and ended by types of packages including the temperature limits

of the materials used in each part.

Table 2.8: Temperature Limitations for Various Wire and Pad Metallurgies

Pad-wire metals Max. Temp. (°C) Limitation

Al-Au 175 Intermetallic formation

Ni-Al 300 Kirkendal voiding

Al-Al 350-400 Decrease in mechanical properties
Au-Au 500-600 Decrease in mechanical properties

Au-Pt 600-700 Decrease in mechanical properties
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Table 2.9: Packaging materials and their temperature limits

Substrate Die & substrate attach | Wire bonding Packages

Material ' Temp | Material Temp Material Temp | Material Temp

HTCC | 225°C | Sintered 175 °C | Nickel 300 °C | Glass 220 °C
nanoparticles

PCB 250 °C | Solders 200 °C | Aluminum | 300 °C | Silicon 250 °C

Thin 300 °C | Polymer 250 °C | Platinum | 500 °C Metal & 400 °C

film ceramic

Cuon 400 °C | Ag-glass 250 °C | Gold 500 °C | Prefired 500 °C

ceramic ceramic

Thick 500 °C | TLP 500 °C Brazed 800 °C

film ceramic

2.2.9 Conclusion

The main harsh environment applications and the state-of-the-art of the established and emerging
electronic technologies devoted for extreme condition applications are presented. The wide
bandgap semiconductors, such as SiC and GaN, are presented as suitable candidates for extreme
temperature applications exceeding the boundaries of 500°C and 900°C respectively. The
packaging challenges are still limiting the applicability of developed technologies despite
enhancing of many advanced packaging techniques with maximum endurable temperature of
500°C for a defined time of operation. The harsh environment electronics topic and its
corresponding assembly and packaging challenges are still forming hot research topics nowadays
and the future will show great enhancing steps in these fields.

This review also summarized several significant recent developments of GaN devices as well as
their use in harsh environments. In spite of the significant reported recent developments, the
maturity of GaN technologies still limit their use in systems that must withstand harsh
environments. On the road to maturity, further work is required to obtain integrated devices that
are reliable at high temperature. Significant efforts are required to characterize and improve GaN

fabrication processes.
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CHAPTER 3 ARTICLE 1: HIGH TEMPERATURE
CHARACTERIZATION, MODELING AND CIRCUIT VALIDATION OF
GAN500 HEMT UP TO 600 °C

Ahmad Hassan, Student member, IEEE, Mostafa Amer, Yvon Savaria, Fellow, IEEE, and
Mohamad Sawan, Fellow, IEEE

This article addresses the first objective of this thesis, namely the investigation and validation of
GaN500 technology at HT. The manuscript was submitted to IEEE Transactions on Circuits and
Systems | as a Regular Paper in March 2019.

3.1 Abstract

This paper is an important step toward the implementation of GaN-based integrated circuits (IC)
and systems intended for high-temperature (HT) applications. We report significant progress in the
development of extreme temperature IC technology based on wide bandgap (WBG)
semiconductors, especially SiC and GaN. We present the implementation and characterization of
epitaxial AlIGaN/GaN Heterojunction Field Effect Transistors (HFETs) and of a set of integrated
passive components available as part of the GaN500 technology. The AlGaN/GaN HFETs and
passive components are remarkably stable, enabling operation above 500 °C. The characterization
results are used to extract HT models of the integrated HFETSs and passive elements. These models
are included in a design kit to capture the temperature effects on the design simulations. Four logic
gates (NAND-2IN, NAND-3IN, NOR-2IN and NOR-3IN) are implemented and successfully
validated. In addition, two voltage reference circuits and an inverter are tested at temperatures
ranging from 25 °C to 600 °C.

Index Terms: High-temperature ICs, GaN500 HFET, High-temperature modeling.

3.2 Introduction

Electronics for harsh environments has become a popular research topic in recent years [10] due to

three main factors: 1- The necessity of more robust and reliable electronics for industrial
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applications, 2- The limitation of traditional silicon in high-temperature and high-voltage
conditions, and 3- The evolution of substrate materials that can sustain harsh conditions in
industrial applications. Many applications, such as combustion engines, hybrid vehicles, aerospace,
and deep earth drilling, need electronics operating at extreme temperatures and that is also capable
of enduring high system voltages [165]. While silicon is used as the conventional Integrated Circuit
(IC) material for most applications, its use in harsh applications is limited by its maximum
operating temperature (<170 °C for diode-junction isolated Si and <300 °C for silicon on insulator)
[25].

The development of new substrate materials, such as gallium arsenide (GaAs), silicon carbide
(SiC), and gallium nitride (GaN), accelerates the proliferation of ICs usage in harsh environmental
applications. Particularly, the two wide bandgap materials, SiC and GaN are well equipped to
withstand high temperatures and high system voltages [166], [61]. The bandgap of these materials
(>3 eV) is almost three times that of bulk Si (1.1 eV), which makes the leakage current in devices
exploiting wide bandgap (WBG) materials much lower at extreme temperatures. In addition, the
electric breakdown field of WBG devices is six times larger than that of silicon, allowing them to

withstand much higher system voltages.

While GaN is found to be an excellent candidate in high-frequency and high-voltage applications,
SiC has three times the thermal conductivity of GaN or Si, allowing the heat generated in the circuit
to be dissipated more easily [167]. On the other hand, in recent years, GaN Heterojunction Field
Effect Transistors (HFETs) have been extensively studied for power and high-frequency
applications. The same material properties of the GaN HFET heterostructure that make it attractive
for high-power and low-noise applications, namely the high breakdown field, wide band-gap, and
high saturation velocity, make GaN a very promising material for high-temperature electronics
[166].

Combining the excellent thermal conductivity of SiC and the exceptional properties of GaN
heterostructure technology, GaN semiconductors processed on SiC substrates are strong candidates
for implementing highly durable/stable ICs for extreme ambient temperatures of 500 °C or higher.

We demonstrate in this paper the performance of a GaN500 technology processed on SiC substrate
operating at up to 600 °C. We describe the state-of-the-art in extreme temperature 1Cs based on
WBG (SiC and GaN) semiconductors. GaN500 devices are fabricated and characterized at high
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temperature (HT), and a model is extracted covering the 25 °C to 600 °C temperature range.
Different logic gates and voltage reference circuits made of GaN500 HFETSs and integrated load
resistors have been implemented and validated at HT. This development is intended to exploit the

inherent ability of GaN500 technology to operate at temperatures over 300 °C.

3.3 HT ICs and GaN Selection

The most common polytypes of SiC semiconductors are the hexagonal 4H and 6H structures. These
polytypes are differentiated by the stacking sequence of the biatom layers of the SiC structure [69].
Several studies have been recently reported on developing SiC based ICs for high temperature
applications. Multistage digital (master—slave data flip-flop and data-reset FF) and analog (voltage
reference) SiC-ICs using 4H-SiC MESFETSs are demonstrated in [11]. SiC ICs integrated with
power devices on the same chip, based on the mature and stable Tungsten—Schottky interface, were
shown to operate correctly at 300 °C. Seventeen circuits implemented with the Raytheon’s 4 H-
type HTSIC process were reported in [47]. They were successfully tested at 300 °C. The report set
of circuits includes a Digital to Analog Converter (DAC) Controller, a NULL Convention Logic
(NCL) multiply accumulate unit (MAC), a 4-bit NCL counter, adders, shift registers, DFFs and

logic gates.

In [168], high-temperature voltage and current references are designed with a silicon carbide
CMOS process. Their operation and stability were reported in the 25 °C to 540 °C temperature
range. Using 6H-SiC depletion-mode JFET transistors, the design characterization of various logic
circuits (inverter, NAND, and NOR) were reported in [169], with some performance being reported
at extreme temperatures reaching 550 °C. In [170], low-voltage 4H-SiC n-p-n bipolar devices are
used to implement OR-NOR gates and a three-stage ring oscillator. The integrated circuits have
been successfully tested up to 300 °C. Based on 6H-SiC n-channel depletion-mode JFETS,
differential amplifiers were successfully fabricated using commercial 2-in epitaxial wafers
obtained from CREE [171], [172] and the reported circuits were characterized at temperatures
reaching 450 °C. A simple analog amplifier and a NOT logic gate reported in [46] were fabricated
using 6H-SiC JFET technology and were successfully operated for thousands of hours at 500 °C.
Reference [173] reports the first ADC implemented using SiC along with the first CMOS DAC.

These circuit were tested in the 25 °C to 400 °C temperature range.
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Although remarkable advances have been achieved, the development of SiC-based ICs is still at its
early beginning. Indeed, the majority of the reported SiC ICs are realized with either small number
of implemented devices or on large integrated areas having low density of device integration. There
are still many obstacles limiting widespread adoption of SiC ICs, including immature foundry
processes, design kits and device models. Also, these ICs offer significantly lower operating
frequencies compared to Si ICs. They also suffer from their high power-supply voltage and larger

device sizes.

On the other hand, despite considerable efforts to develop GaN devices operating at HT above 600
°C [14], 800 °C [18], 900 °C [19] and 1000 °C [20], few research projects are directed toward the
development of ICs based on GaN devices [21], [22], [13]. In [21], A GaN-based E/D-mode
inverter is successfully fabricated and tested from room temperature to 300 °C. This technology
integrates E-mode MOSFETs with D-mode HEMTs. The AlGaN/GaN wafer that were used are
grown on sapphire substrates and the gate insulator consists of an Al.Os layer.

GaN HFET depletion mode devices are used in [22] to implement various circuits: NOT gate,
comparator, ring-oscillator and frequency divider. In these circuits, AIGaN/GaN HFETSs are grown
on a semi-insulating SiC substrate, and the threshold voltage is adjusted using gate-recess etching.
Schottky diodes were used to provide voltage-level shifting required to implement complementary
logic functions. A 31-stage ring oscillator was tested at temperatures reaching 265 °C and it was

shown that this circuit returns to the original performance after returning to room temperature.

A novel AlINN/GaN based IC was demonstrated in [13]. The fabricated ICs comprise an inverter
and a differential amplifier that showed stable performance up to 500 °C. Along with the
exceptional quality of AlInN/GaN heterostructure and very high carrier concentration and mobility,
fabrication advances were reported. Indeed, a novel metallization and high-K passivation/gate

dielectrics enabling suitable high temperature operation were reported.

3.4 HT Characterization and Modeling

3.4.1 GaN500 design and processing:

The adopted GaN500 technology is processed at the Canadian Photonics Fabrication Center
(CPFC) of the National Research Council of Canada (NRC). The offered GaN Heterojunction Field
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Effect Transistors (HFETs) Monolithic Microwave Integrated Circuit (MMIC) process includes
GaN HFETs, Metal-Insulator-Metal (MIM) capacitors and nichrome resistors. This GaN-based
HFET technology is fabricated on 3-inch silicon carbide wafers of 75 um thickness. It features 0.5
um long metal gates, 50 Q/sq nichrome (NiCr) resistors, MIM capacitors of 0.19 fF/um? and two
metal layers for interconnect. All transistors are field-plated designs. The technology is appropriate
for RF and microwave circuit design, suitable for 40 V maximum drain voltage bias and it supports

5 W/mm of power levels.

The AlGaN/GaN epitaxial layer processed and delivered to NRC by an approved supplier allows
integrating HFETS over a SiC wafer. A simplified cross-section of the epitaxial layers is shown in
Figure 3.1 The ohmic contacts are defined and fabricated by high-temperature annealing to ensure
a low-resistance contact to the two-dimensional electron gas (2DEG), which acts as the active
conduction layer. The active area of the device is isolated by etching the GaN buffer layer. The

gate fingers are formed by depositing a passivation dielectric in which a slot is etched for the gate

contacts. Then, the gate contact metal is deposited, and a second dielectric encapsulation is applied.

2DEG channel Carrier Supply layer (AlGaN)
Spacer Layer (AIN)

Nucleation Layer

Figure 3.1: Not to scale cross-section of GaN HFET epitaxial layers.

NN

Openings are etched into the dielectric to provide connections to the ohmic and gate contacts. The
resistors are patterned with nichrome, followed by deposition of the first interconnect metal layer.
The first metal layer (LME) forms contacts to the ohmic metal, the gate pads and the nichrome
layer. The 1IME layer is also used to form the field plate, which is connected to the source and
which overlaps the gate. A dielectric deposition is used to isolate the LME layer and via openings

are defined. The dielectric is also used as the insulator in MIM capacitors.
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The second interconnect metal regions are defined in a temporary photoresist layer. The second
metal layer (2ME) is required to bridge over other layers. It is used as the top layer of MIM
capacitors and is also used to form the air-bridge structures. The composition of the dielectrics,
gate layer and ohmic metals are proprietary to NRC. The photolithography is performed by a
stepper. The mesa and dielectric vias are etched by a dry etch plasma process. The metal layers are
deposited by e-beam evaporation and patterned by a lift-off process.

3.4.2 Measurement setup and HT packaging:

The GaN500 chips are diced at NRC. A typical ceramic dual in-line (DIL) package is used to
perform the measurements. The back metallization of the fabricated GaN500 die is a 5 pm Au
layer. The die attachment is performed using Silver Epoxy (EPO-TEK H20E-PFC) from EPOXY
TECHNOLOGY. It is an electrically and thermally conductive epoxy qualified to operate at
temperatures up to 325 °C. Above this temperature, the epoxy starts losing its rigidity and may
even melt. Therefore, to perform testing at higher temperature, the tested package remains in a

stable horizontal position to prevent the possibility of die dislocation.

Top openings

HT wires
T Oscilloscope
Bread boards v

Keithley SMU

Signal
generators

Power
supplies

Heating
chamber

Computer

Packaged chip interface with
SMU
Power
supplies
Actual and set
temperature
Furnace

A e T R A
A S A AR W TRy

Figure 3.2: Experimental setup of HT measurements.
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The measurement setup shown in Figure 3.2 was built to perform circuit characterization at high
temperatures. The heating chamber of the furnace can reach 1000 °C. It has two top openings where
HT cables are installed to connect the tested packages to the external measurement devices. The
HT cables are Nickel-Plated Copper conductors that can endure 450 °C. The ball bonder wires have
a 25 pum diameter. Ball bonding is performed using an ASM Pacific Technology wire bonder
(model Eagle Xtreme [174]). Conventional bread-boards are used to connect the HT part
(packaging and wiring) with the measurement instruments. The latter supply the necessary voltages
and input signals and monitor the received signals from the tested chips.

(c) (d)
Figure 3.3: HT packaging (at 600 °C): (a) HT wires connected to a DIL ceramic package, (b)

Bonding wires between the pads of the chip and the package, (c) Wire bonding terminals on the
package pads, and (d) Ball bonding on the chip pads.

The measurements were carried out using a 2-channel Keithley SMU to perform the I-V
characteristics of GaN500 transistors, 4294 Impedance Analyzer [175] to measure the values of
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integrated capacitors, two signal generators were used to test the functionality of digital 1Cs. DC
power supplies were used to set the proper high and low levels of the ICs and a Tektronix
oscilloscope was used to visualize the circuit’s input/ output waveforms and for data acquisition.
Figure 3.3 shows the HT packaging at 600 °C including the wire bonding and the external wiring

of the ceramic package.

3.4.3 HT characterization and modeling:

This work was motivated by the need to realize GaN-I1Cs with a higher device density integration
than previously reported circuits. Still, we were targeting operating temperatures higher than
several recently reported GaN ICs. To succeed designing complex ICs with the available GaN
technology, the first step was to develop trustworthy HT models not provided by the foundry. In
the adopted GaN500 HFET technology, the provided models in the Physical Design Kit are the
Root model and an Angelov model. For active and passive components, both models do not support
HT simulations above 300°C. Therefore, we performed the HT characterization of GaN500 devices
and passive elements to develop an accurate model that enables simulating the temperature effects

on the design.

3.4.3.1 GaN500 HEMT HT modeling

Modeling of electronic devices is typically done either by obtaining physical equations or by
solving the well-known Poisson and Schrodinger equations. This allows describing the exact
behavior of the device. It can also be done by forming a compact empirical model that consists of
fundamental circuit components combined in a certain way to mimic the device behavior [176,
177]. Both ways have their advantages and disadvantages. However, empirical modeling proved
effective for use in circuit simulators because of its computational simplicity and the lower

development time required [178], [123].

Several types of empirical models were developed and used to model GaN HEMTS, such as the
Angelov model and the EEHEMT model [179, 180]. Though the EEHEMT model is very accurate,
its piecewise nature made it hard for us to extract the device characteristics. On the other hand, we
found it easy to use the Angelov model because of its closed form nature that facilitates the

extraction methodology.
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In our previous work [123], high-temperature modeling of the 1-V characteristics for GaN150-
based HEMT technology was done up to 250 °C using an extended Angelov model to better
describe the device behavior. The model consists of 14 different parameters, that describe the
geometrical properties of the I-V characteristic curves at different operating conditions (Ves, Vbs),
as shown in equations (3.1)-(3.6) below. Equations (3.2)-(3.6) develop the parts of the main
equation (3.1) that express the drain source current Ips of the device.

Ips = Ipgr * (1 + tanh(Y)) * tanh(arVps + KrVps) * (1 + AVps) (3.1)
Y = sinh(Py(Vos — Vpkr) + P2 (Vas — Verr)? + P3(Vas — Vexr)®?) (3.2)
Py = Py + (P; — Pyp) = tanh(agVps) (3.3)

ar = ag + ag(1 + tanh()) (3.4)

Vekr = Voo + (Vpk - VpkO) tanh(agVps) (3.5)

Ipkr = Ipko + (Ipk = Ipko) tanh(agVps) (3.6)

Over the following sections, we present the high-temperature modeling process and results of the
I-V characteristics for that GaN500 HEMT technology up to 600 °C. The same methodology
applied in [123] was used. It uses the temperature as a variable in the model equations. The whole

modeling process is summarized in Figure 3.4.

First, 1-V experimental measurements were collected and put in tabular form to represent the
independent (Vps, Vgs) and dependent (Ips) variables, corresponding to each temperature step (Ti)
starting from 25 °C up to 600 °C. At each step (T;), the data were fitted to the extended Angelov
model equations using non-linear regression functions available in MATLAB. Then, each of the
14 parameters were plotted against temperature to identify their temperature dependence. Some of
the parameters showed unusual behavior at temperature values above 500 °C as shown in Figure
3.5. For example, parameter K, which is responsible for describing the knee shape of the I-V
characteristic curve between the linear and saturation regions, shoots up at temperature values
higher than 500 °C. For this reason, the modeling process was performed over the 25 °C-500 °C

temperature range.
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End )

Figure 3.4: Flowchart summarizing the HT modeling process.

Five of the 14 parameters (as, Pso, P1, Iko, Vpr) Were varying around certain average values
without a clear trend. Consequently, each of these five parameters was set to its average value, and
each of the remaining 9 parameters were expressed as a function of temperature. These functions
were summarized into five 3-order polynomials, three 2"%-order polynomials and one 1%-order
polynomial as shown in Table 3.1, where b(1)-b(31) are the parameters assumed to model the
temperature as a variable. The parameters were substituted back in the equations (3.1)-(3.6)
describing the drain source current but, this time, with the temperature added as an independent
variable. Finally, the temperature was increased to the tabulated data and the non-linear regression
fitting was performed one last time with b(1)-b(31) as the new fitting parameters to form the final

model.
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Figure 3.5: Variations of two modeling parameters with temperature: (a) Kr, and (b) P2o.

Table 3.1: Angelov fitting parameters as a function of temperature

No. Fitting Parameters | Temperature Dependence

1 A b(1)T3 + b(2)T? + b(3)T + b(4)

2 Kr b(5)T? + b(6)T + b(7)

3 Qg Constant = 0.0563

4 ag b(8)T + b(9)

5 P, b(10)T3 + b(11)T? + b(12)T + b(13)
6 P53, Constant = 0.3

7 P, b(14)T3 + b(15)T? + b(16)T + b(17)
8 Py, b(18)T3 + b(19)T? + b(20)T + b(21)
9 Py Constant = —0.0133

10 Pyo b(22)T3 + b(23)T? + b(24)T + b(25)
11 Lok b(26)T? + b(27)T + b(28)

12 Lyko Constant = —0.0251

13 Vok Constant = —8.57 x 107°

14 Vo b(29)T? + b(30)T + b(31)
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Figure 3.6: Experimental and fitted output 1-V characteristics at: (a) T = 25 °C, (b) T = 100 °C,
(c) T=300°C, (d) T=450°C, and (e) T =500 °C.

The accuracy of the fitted 1-V equations can be compared to the experimental measurements giving
a sum of squared errors (SSE) less than (< 0.001). Figure 3.6 presents the fitted I-V curves along
with the experimental measurements at variable Vs and Vps for different temperature values; 25
°C, 100 °C, 300 °C, 450 °C and 500 °C covering the temperature model range (25 °C — 500 °C). In
Figure 3.7, the developed model is tested for generating the 1-V curves for temperature values
(550°C, 600 °C) outside the model range. It is clear that the model fails to predict the knee shape
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of the I-V curves at high Vgs values (0, -1) specially at 600 °C. This is expected because we did
not consider the variation of the knee parameter K; and the other parameters at such high
temperature values as discussed before.

The proposed modeling process is very efficient in terms of time and accuracy as proved here and
before in [123], where the model was verified with the Spectre simulator. The only limitation to
the modeling process is the initial values that should be supplied to the non-linear regression
functions in MATLAB, corresponding to each fitting parameter. These initial values affect
significantly the fitting parameters in determining the accuracy of the model. However, we can
overcome this limitation by obtaining approximate values of these parameters from simple

calculations on the experimental data using an Excel program.
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Figure 3.7: Model validity tested for temperature values higher than the model calibration range:
(@) At 550 °C, and (b) 600 °C.

3.4.3.2 Passive elements HT characterization and modeling

Due to the lack of complementary devices for the normally-on GaN500 HFET, the adopted solution
is the use of resistors for the GaN-IC development. For IC proper operation over a wide temperature
range, it was proven in [165] that the temperature matching between the various components is
successfully accomplished using epitaxial resistors. To provide an accurate model that considers
the temperature impact on the values of passive elements, we performed the HT characterizations

of integrated resistors and capacitors.

Different sizes of resistors (R1 to Rg) and capacitors (C1 to Cs) were fabricated as shown in Figure
3.8 and their values are summarized in Table 3.2 and Table 3.3. The experimental setup shown in

Figure 3.2 was also used to perform the HT characterizations of passive components between 25°C
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and 600°C. It was found that the measured resistances of Ri.¢ linearly increase with temperature in
the 25-600°C range. However, the value change rate (slope), listed in Table 3.2, is different from
one resistor to another. Figure 3.9 shows that the relationship between the slope and the initial

value of the resistors is linear.

(b)

Figure 3.8: Integrated passive components for HT characterization: (a) Resistors, and (b)

Capacitors.

Equation (3.7) propose a general expression relating the resistance value and the applied
temperature. Where Ry is the initial resistance at 0 °C, T is the actual temperature (°C) and o is the
slope of resistance variation with temperature. From Figure 3.9, we extract the expression of a
(equation (3.8)) and substitute it in equation (3.7) to formulate the final expression of the resistance

as a function of temperature (equation (3.9)).



71

Table 3.2: Integrated Resistors

Resistors Resistance (kQ) at different temperatures (°C) Slope
WI/L 25 100 1200 300 350 400 450 | 500 550 600 | (€
(um/ °C)
pHm)

R:  50/100 0.0 01 011 012 013 014 014 015 016 |0.17 011
R2 1 20/100 0.22 023 024 025 026 0.27 028 0.29 0.30 |0.32 0.16
Rs 5/100 08 082 085 089 091 092 094 097 099 | 103 0.36
R4 1 50/400 034 035 037 039 |04 041 042 044 045 046 0.2
Rs  20/400 081 083 087 09 (092 094 09 099 10 |103 0.37
Re 5/400 361 324 335 347 353 358 364 372 374 378 11
R7 5/650 516 527 545 564 573 581 591 6.01 6.02 6.05 1.6
Rs 20/650 131 135 14 145 148 15 153 157 159 |162 | 0.52
Ry  50/650 054 055 058 06 |062 063 065 0.67 0.68 |0.69 | 0.26

Table 3.3: Integrated Capacitors

Capacitor | W/L (um) Value @25 °C (pF)

C1 500/315 58
C: 500/315 56
Cs 500/600 83
Cs 400/600 75
Cs 400/600 73
1.8 y\
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Figure 3.9: Variation of resistance slope with respect to the initial value of resistors.
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Figure 3.10: HT characterization of different integrated resistors: (a) Rs, (b) Rs, (C) Rs, and (d)
Ro.

To validate equation (3.9), the simulations of R1.0 are compared with experimental measurements

over the temperature range 25-600 °C. Figure 3.10 shows the good matching between simulated
and measured resistance of (Rs, Re, Rs, Ro) resistors.

R, =Ry +aT (3.7)
a =3.5 x 107*R, + 0.08 (3.8)
R, = Ry(1+ 3.5 X 107*T) + 0.08T (3.9)

Using the Agilent impedance analyzer, the sensitivity of various capacitor values was
characterized. Figure 3.11 shows the capacitance of 3 different capacitors (C1= C2 and Cs = Cs)

over the temperature range between 25 °C and 600 °C. Table 3.3 summarizes the values of the
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integrated capacitors. The results in Figure 3.11 show the capacitance stability of each capacitor
up to 550 °C, with minor variations due to the variable parasitic capacitance of testing probes.
Above 550 °C, the capacitance started to increase gradually. Therefore, the capacitance could be
considered as a constant value within the temperature range 25-550 °C. Further measurements
should be performed at higher temperature to extract temperature models of capacitors covering
the temperature beyond 550 °C.
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Figure 3.11: HT characterization of different integrated capacitors.
3.5 HT Circuit Validation

3.5.1 Logic gates:

Circuit schematics of a set of implemented logic gates are shown in Figure 3.12. In the inverter
circuit (Figure 3.12(a)), the input signal (IN) controls a GaN driver device whose drain current is
supplied by a 20 kQ resistor that acts as a current source. The remaining part of the circuit performs
the role of a voltage level shifter that ensures the voltage level of the output signal (OUT) to be
compatible with the input of the next logic circuit stage. The NAND-2IN gate in Figure 3.12(b)
uses two series GaN devices in the pull-down driver network. Similarly, three series GaNs are used
to form the core of NAND-3IN gate as shown in Figure 3.12(c). The NOR-2IN gate and NOR-3IN
gates in Figure 3.12(d) and Figure 3.12(e), respectively, use two and three parallel GaN devices in

the pull-down driver network.

The gate length of all transistors is 0.5um and the gate width of each transistor is mentioned in

Figure 3.12. The resistors are fabricated from a Nichrome (NiCr) layer and their values are shown
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in the schematic design (Figure 3.12). Testing conditions for all logic gates were as follows: Vpp
=+14 V, Vss=-14 V, input logic low = —5 V and input logic high =0 V.

14V 14V 14V
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IN1 —1 20
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(d) (e)

Figure 3.12: Circuit structure of various digital logic gates: (a) NOT, (b) NAND-2IN, (c)
NAND-3IN, (d) NOR-2IN, and (¢) NOR-3IN.

IN2

Figure 3.13 shows the micrographs of the fabricated logic gates which were tested in the 25 to 600
°C temperature range. The pulse response of the inverter, depicted in Figure 3.14, shows a stable
output with no significant temperature effect up to 300°C (overlapping plots). Between 300 °C and
500 °C, the output logic low level is still stable at -5 V, but the output logic high level drops from
its initial value (0 V at 25 °C) by 20% (of low-to-high difference) at 400 °C and 60% at 500 °C. In

addition, an increase in the rise time was observed. This increase is possibly due to a surface trap



75

charge activation, but this phenomenon requires further and more detailed studies. Above 500 °C,
the output logic low and high values dropped drastically below the desired levels.

(@) (b) (©)

(d) (€)

Figure 3.13: Micrograph of implemented logic gates: (a) Inverter, (b)) NAND-2IN, (c) NOR-2IN,
(d) NAND-3IN, and (e) NOR-3IN.
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Figure 3.14: Pulse characteristics of the inverter in the temperature range 25- 600 °C.
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The voltage transfer characteristic (VTC) of the AlGaN/GaN based inverter at room temperature
is shown in Figure 3.15(a). Six key dc performance metrics of the inverter can be obtained from
that VTC, namely: the maximum output voltage in the low state (VoL), the minimum output voltage
in the high state (Von), the logic gate threshold voltage (V.7), the voltage gain (Gain), the noise
margin for low level (VnmL), and the noise margin for high level (Vnmn). Figure 3.15(b) shows the
VTC of the inverter between 25 °C and 600 °C and Table 3.4 summarizes the six dc performance
metrics for all measured temperatures. Up to 300 °C, the output voltage and gain were remarkably
stable. Beyond this temperature, the logic high-level Von varies at a significant rate. Consequently,

VnmH IS noticeably degraded at the highest temperatures.
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Figure 3.15: VTC of the GaN inverter (a) At 25C, and (b) Between 25 °C and 600 °C.

Table 3.4: DC Performance Metrics of a GaN Inverter

25°C | 100°C | 200°C  300°C  400°C | 500°C | 550°C | 600 °C

VoL -4.7 -4.66 -5 -5.2 -5.46 -5.87 -1.5 -6.64
Vit -2.9 -2.68 -3 -3 -3.27 -2.68 -3.62 -0.18
VoH -0.1 -0.11 -0.24 -0.33 -1.28 -2 -6.7 -6.33
Gain -3.7 -3.9 -3.4 -3.9 -2 -2.2 -0.8 -0.4
Vame | 0.9 0.8 1.5 1.7 0.89 2.2 3.4 5.98

Vnve | 1.7 1.85 1.48 1.51 0.8 - - -
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Figure 3.16 and Figure 3.17 show the dynamic characteristics of the NAND (2IN and 3IN) and
NOR (2IN and 3IN) gates, respectively, between 25 °C and 300 °C. Above this range, the gates
lost its functionality. It should be mentioned that the third input (IN3) of NAND-3IN and NOR-
3IN is connected to IN1 due to the unavailability of a third signal generator during the

measurements. However, this connection is sufficient to validate the functionality of the gates.
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Figure 3.16: Measured dynamic characteristics of NAND gates: (a) NAND-2IN at 25 °C, (b)
NAND-3IN at 25 °C, (c) NAND-2IN at 300 °C, and (d) NAND-3IN at 300 °C.
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Figure 3.17: Measured dynamic characteristics of GaN NOR gates: (a) NOR-2IN at 25 °C, (b)
NOR-3IN at 25 °C, (c) NOR-2IN at 300 °C, and (d) NOR-3IN at 300 °C.

3.5.2 Voltage reference:

Another circuit embedded on the same chip is a voltage reference. This first reported voltage
reference implemented with GaN devices is able to operate up to 550 °C. It is built with three
GaN500 devices and two resistors as shown in Figure 3.18. The idea behind the proposed voltage
reference is based on using the GaN transistor in its saturation region (after Vps=5 V) as a constant
current source. The latter feeds a resistive load to generate a constant voltage. When the
temperature increases, the decreasing current passing through the conductive channel of GaN is
compensated by the increasing resistance of load resistors. Three GaN devices are connected in
series to improve the stability of generated saturation current and to reduce its value. The load
resistors are adapted to give the desired voltage reference.
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Figure 3.18: Integrated voltage references: (a) Schematic design, and (b) Micrograph.

As any reference circuit, when the supply voltage increases, the output voltage starts to increase
and becomes stable after the supply reaches a certain threshold. Then, the output voltage remains
constant over a range of supply voltages at a specific temperature. The experimental measurements
shown in Figure 3.19 shows the outputs of the voltage reference with the supply voltage swept
from 0 to 16 V at the wide temperature range between 25 °C and 600 °C. The results show that the

reference voltage over the full temperature range until 550 °C is more uniform at supply voltages
above 4 V.
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Figure 3.19: Supply voltage dependence of the proposed voltage references in the temperature
range 25- 600 °C: (a) VREF1, and (b) VRREF2.
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Two voltage references are required to operate other systems not mentioned in this work with
VREF1=3.3Vand VREF2 =2.3V. The outputs of VREF1 and VREF2 at nominal supply voltage
(14 V) over a temperature range of 25-600 °C are shown in Figure 3.20. These references exhibit
temperature coefficients TC1 = 293 ppm/°C and TC2 = 242 ppm/°C. Although these values do not
match the performance of silicon bandgap references, they operate at much higher temperatures
and are the first reported integrated references at such temperatures.
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Figure 3.20: Experimental voltage reference outputs in the temperature range 25- 600 °C.

3.6 Conclusion

This paper reports AlGaN/GaN depletion-mode JFET devices and integrated circuits that were
successfully fabricated using the GaN500 technology provided by the National Research Council
of Canada (NRC). Electrical characteristics of devices and integrated passive elements have been
measured as a function of temperature, from 25 °C to 600 °C. Throughout the temperature range,
the measured data is in good agreement with predictions of an improved version of Angelov model.
In addition, we experimentally demonstrated prototype digital logic gates and voltage reference
ICs implemented using GaN500. The prototype ICs are characterized at operating temperatures
ranging from 25 °C to 600 °C. NOT, NAND and NOR logic circuits were tested and have very
stable characteristics at temperatures up to 300°C. The inverter remains functional with somewhat
degraded characteristics up to 500 °C. A proposed voltage reference circuit was fabricated and
validated experimentally. It exhibits a stable operation at high-temperature up to 550 °C.
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This work is intended to be a contribution to the further development and improvement of GaN
technology, especially for GaN-based wireless monitoring systems targeting high-temperature
environments. The reported GaN basic logic gates enable further development of other essential
dynamic blocks such as ring oscillators, D-Flip Flop, delays elements and other typical digital logic

circuits able to operate at high temperature.
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APPLICATIONS

Ahmad Hassan ", Mohamed Ali °, Yvon Savaria 2, Mohamad Sawan ?

a Department of Electrical Engineering, Polytechnique Montreal, QC H3T 1J4, Canada

b Microelectronics Department, Electronics Research Institute, Cairo, 12622, Egypt

This article addresses the second objective of this thesis, namely the design and implementation of

GaN based building circuits. This paper was published in the Microelectronics journal (2019).

4.1 Abstract

GaN (gallium nitride)-based fully-integrated demodulators are presented. These modules, intended
for wireless applications, target high-temperature (HT) environments including monitoring devices
in aerospace. The presented demodulators are dedicated to recover Load-shift keying signals
modulating a low carrier frequency to maximize power transfer efficiency and increase data
transmission rate through metallic barriers. Logic gates are implemented and successfully tested at
HT exceeding 400 °C. Proposed demodulators are built from half and full bridge rectifiers,
comparators, voltage references and inverters, and operate at a minimum carrier frequency (fc) of
50 kHz. A demodulator based on a digital topology is proposed to cover MHz range fc. A
complementary 14 V supply voltage is required to operate the circuits. Reported post-layout
simulation results validate the functionality and performance offered by the proposed demodulators
over the 25 °C to 400 °C temperature range. Also, a complete chip layout has been done, where the

introduced demodulators occupy 10 mm? of a GaN die area.

Index Terms: High-temperature applications, wireless data transmission, GaN HEMT, integrated

circuits, demodulation system.
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4.2 Introduction

Implementing electronics that can operate in harsh environments, including high temperature (HT),
is needed by many industries such as downhole oil and gas, aerospace and automotive. Cooling
solutions for conventional electronics are not always possible and may have negative impact on
system reliability and cost. For instance, during well logging, a failed electronics assembly on a
drill string operating at deep underground level can take more than a day to retrieve and replace.
In parallel, the cost for operating a complex deep-water offshore is around $1 M per day [2].
Further, influential corporations like AIRBUS, SAFRAN, and THALES are seeking alternative
microelectronic technologies aiming for complete wirelessly controlled systems that can harvest
power from the surrounding HT environment, exchange data through wireless links under HT

conditions and be integrated in critical high-risk areas.

Among the available semiconductors dedicated for HT applications, wide bandgap (WBG)
semiconductors are the main candidates in the foreseeable future to overcome the fundamental
physical limits of the other electronics such as silicon on insulator (SOI), gallium arsenide (GaAs)
and silicon germanium (SiGe), which are serving a relatively short range of temperature not
exceeding 300 °C and for limited operation time [28], [36], [41]. Silicon carbide (SiC) and gallium
nitride (GaN) are the best-known WBG devices that offer attractive features suitable for HT
conditions. These features include wide bandgap (3 eV), high-drift saturation velocity, high-

thermal conductivity, and low-intrinsic carrier concentration [68].

Several studies have been done recently for SiC semiconductors at HT [10], [43], [49], [50].
However, the HT measurements are performed only for devices [43] and circuits [49]. Even in
[50], the proposed system represents only the RF transmitter part, where the receiver is a Tektronix
RSA3303B real-time spectrum analyzer. In addition, no commercially available SiC integrated
devices and circuits operating at temperature higher than 300 °C were found [12]. Moreover, the
direct temperature dependence of carrier concentration, due to the bulk nature of the active region
in SiC devices, is considered as a common shortcoming [13] in addition to the crystal dislocation

disorders which degrade junction leakage, particularly at the highest temperatures.

I11-Nitride and primarily GaN technologies exhibit substantial performance improvement over SiC
semiconductor with respect to response speed and operating temperature limits [14]. In addition,

the temperature stability of electron concentration in the HEMT channel makes GaN devices more
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stable with respect to temperature. Despite considerable efforts to develop GaN devices dedicated
to HT applications [14], [181], few researches are directed toward the development of integrated
microelectronic circuits and systems based on GaN devices. Nowadays, the reported works show
the implementation of simple circuits like inverter, comparator, ring oscillator, and one stage
differential amplifier [13], [21], [22].

In our group, the HT characterization of AIGaN/GaN HEMT devices was successfully performed
over a 25 °C to 400 °C temperature range as a first step to ensure the ability of using them in circuits
and systems design dedicated to HT applications. All information regarding the fabrication process,
materials of the characterized GaN devices and performed HT characterizations were reported in
[124]. This GaN-based epitaxial layer Heterojunction FET technology is provided by the Canadian
Photonics Fabrication Center of the Canadian National Research Council (NRC). This technology
called (GaN500) offers 500-nm gate length transistors fabricated on 3-inch SiC wafers. The SiC
substrate offers high-thermal conductivity and low-lattice mismatch to the GaN layer, which is
compatible with HT applications. In addition to the active devices, the available technology allows

the integration of some passive components (resistors, inductors, and capacitors).

In this paper, we present the design and implementation of three complete demodulation systems
based on GaN500 technology. These proposed circuits demodulate LSK modulated signals for
wireless monitoring applications operating in HT environment. We provide in Section 4.3 the main
considerations about the adopted GaN technology and circuit design, in addition to the circuit level
validation at 400 °C of GaN-based digital circuits. The building blocks, circuits and functionality
of the proposed demodulators are discussed in Section 4.4, along with the impact of HT on them.

Conclusions are the subject of Section 4.5 where our contributions are summarized.

4.3 Design considerations and digital circuits validation

Figure 4.1 shows a wireless power and data transmission system based on an inductive link. The
power transfer path provides the supply voltage to a sensing device (pressure, temperature) located
in a harsh environment. The data transmission path is based on the LSK modulation technique to
reduce the complexity of the whole wireless power and data transmission system that operates
through a single inductive coupling interface. In the transmitting side (secondary), the analog signal
of the sensor is converted into digital data modulating the signal through a controllable switch.
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Figure 4.1: Block diagram of the proposed power and data transmission system

The demodulator, located on the receiving side (primary), detects the received modulated signal
and recovers the expected digital data. The modulated signal (Figure 4.1) consists of two different
amplitude voltage levels; high-level (data-on) and low-level (data-off). The voltage difference
between data-on and data-off levels is strongly recommended to be as small as possible to maintain

the highest power transfer efficiency during the data transmission process.

4.3.1 Design and technology considerations

The harsh environment condition of the targeted industrial applications is not only the high-
temperature but also the metallic barrier between primary and secondary coils. That metallic barrier
is an enclosure encapsulating hot high-pressure gases. This metallic barrier (hard steel that can
sustain high pressure and high temperature) obviously has fairly high-electrical conductivity and
high-magnetic permeability that induce high Eddy current losses and form a shielding zone for
inductive fields, respectively. Therefore, the carrier frequency of the applied power signal should
be relatively low to obtain enough power transfer efficiency while being sufficiently high to allow
an adequate data transfer rate [125].

To endure the HT environment, a GaN500 technology is adopted to build the proposed
demodulation system. In this implementation technology transistors are normally-on and they
operate as depletion mode devices with a threshold voltage of -4 V. This imposes significant design
constraints, in particular when the system specifications include limited power budget, and small-
system geometry. Thus, it becomes a serious challenge to design a complete demodulation system

based on this technology.
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Considering the specifications and system constraints we based the circuit design on WBG
normally-on devices [22, 50]. Then, a minimum number of transistors was used to obtain the
desired functions and for better miniaturization of the complete system. Since GaN500 cells require
VGS = -5V to completely switch off the established channel, a negative input logic level is needed
to drive the circuits which leads to the necessity of matching the input-output controlling signals.
Level shifters are added to solve the incompatibility between the input and output levels and three
supply voltage levels are used (VDD = +14 V, VSS =-14 V, and Gnd).

Despite the promising performance of GaN500 devices at HT, there is still an effective impact of
environmental temperature on the active devices [124] and passive components (resistors). For this
reason, the proposed design must consider the temperature induced parametric variations of the
available components (active and passive) over the expected temperature range that spans from 25
°C to 400 °C. The Keysight Advanced Design System (ADS) kit was used to perform the design
and simulation of proposed system where the transistor model (Angelov model configured with
several parameters not visible to the user) includes the effects of self-heating and external applied
temperature giving the opportunity to simulate the temperature impact on the circuits and system
behavior. Similarly, based on the provided Thermal Coefficient of Resistance (TCR) of the
integrated resistors (200 ppm/°C), Equation (3.1) describes the change of resistance values over the

temperature range.

Where R; is the actual resistance, Ro is the resistance value at room temperature and T is the actual

temperature (°C).

4.3.2 Digital circuits validation at HT

To validate the concept, several GaN500-based logic gates were implemented and tested at several
temperatures between 25 °C and 400 °C. The schematics of the implemented logic gates are shown
in Figure 4.2. The experimental setup is depicted in Figure 4.3 where the GaN500 devices are wire-
bonded to the pads of a ceramic HT package and HT wires are used to connect the package to the

measurement devices.
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Figure 4.3:Circuits of digital logic gates: (a) NOT, (b) NAND, and (c) NOR

It is important to note that the GaN die that was used in those experiments comprises independent
devices without resistors. Thus, external resistors were added to the test setup. Consequently, to
perform a proper comparison between the experimental and simulation results, the temperature
impact is applied only on GaN devices of the simulation kit, keeping the resistors at constant values.
The measurements and simulation results are almost equal, thus showing the robustness and
functionality over the wide temperature range tested for NOT, NAND and NOR gates as shown in

Figure 4.4, Figure 4.5 and Figure 4.6 respectively.
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Figure 4.6: Experimental (left) and simulation (right) results of NOR gate: (a) at 400 °C, (b) at 25
°C (OUT1) and 400 °C (OUT2)

Table 4.1 summarizes features of the implemented circuits based on GaN technology targeting HT

applications, and it compares them with the only three published works that were found [13], [21],

[22]. To the best of our knowledge, none of these teams have reported system level design or

implementation.

Table 4.1: GaN-based circuits for HT applications

This work [13] [21] [22]
Circuit NOT, NAND Dif. Amp. and NOT gate NOT gate and
and NOR gates | NOT gate ring oscillator
Tech. AlGaN/GaN AlInN/GaN AlGaN/GaN AlGaN/GaN
Foundry NRC Inhouse Inhouse Inhouse
Temp. (°C) 400 °C 500 °C 300 °C 256 °C




90

4.4 Proposed demodulation systems

4.4.1 Building blocks and functionality

Figure 4.7 presents the block diagram of the three proposed demodulation systems. The first
demodulator is presented in Figure 4.7(a) where the modulated signal (IN) is applied to a half-
bridge rectifier (HBR) followed by a bank of RC circuits that play the role of envelope detector
and that shape the modulating signal (M1). The latter is compared to a reference voltage (VREF =
2.6 V) using a comparator block. Three inverters (INV1, INV2 and INV3) are used to sharpen the
comparator output signal and to generate the initial digital data (Q) along with its complementary
signal (QB). Q and QB are needed by a DAC block (Figure 4.1) to recover the initial analog signal.
The building circuit schematics of the half bridge rectifier (HBR) demodulator are provided in
Figure 4.2(b) (2IN-NAND) and Figure 4.8(a) (half bridge rectifier), Figure 4.8(b) (voltage

reference) and Figure 4.8(f) (comparator).

The minimum carrier frequency that could be handled by the HBR demodulation system is 60 kHz.
Lower than this limit, the difference between data-on and data-off signals provided by the HBR
could not be sensed by the comparator. To go beyond this limit, a full bridge rectifier (FBR) is
utilized instead of the HBR keeping the remaining building circuits without any change (Figure

4.7(b)). The FBR demodulation system operated properly at a carrier frequency as low as 50 kHz.

Another demodulator is fully based on digital circuits and is proposed for high carrier frequency
applications (in the range of MHz). The block diagram of this digital demodulator is presented in
Figure 4.7(c). The novel idea of this demodulator is to use an inverter (INV4) which is carefully
designed to detect only the data-on (high-amplitude voltage) and discard the data-off (low-
amplitude voltage) of modulated signal. On the other hand, INV5 is used to switch continuously in
both data-on and data-off cases to generate the clock signal of D-Flip Flop. This clock signal is
delayed by the DELAY block to ensure matching with the detected data signal. For lower carrier

frequency operation (range of kHz), a longer delay should be designed.

Figure 4.2(a) (NOT) combined with Figure 4.8(d) (D-Flip Flop) and Figure 4.8(e) (delay) shows
the building circuit schematics of the digital demodulator. A long chain of inverters (20 stages) is
utilized to design the DELAY block (Figure 4.8(e)) and the D-Flip Flop design is based on five 2-
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input and one 3-input NAND logic gates, where the corresponding schematic design is shown in
Figure 4.2(b) and Figure 4.8(c), respectively.
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Figure 4.7: Block diagrams of the proposed demodulators: (a) Half-bridge rectifier, (b) Full-
bridge rectifier, and (c) Digital based



92

VREF

GN]:’I_ I.\l,,
(@) (b)

PP
e D
LK _ |_: [: >_
P>
= D

(d) €)

DIF AMP LEVEL SHIFTER
— e =y

ouT

R10

Figure 4.8: Building circuits: (a) Half bridge rectifier, (b) Voltage reference, (c) NAND (3IN), (d)
D-Flip Flop, (e) Delay, and (f) Comparator



93

4.4.2 Simulation results

During the investigation of HT impact on the performance of each building circuit, we noticed that
the comparator is the block most affected by HT operation, much more than the other circuits. As
can be seen in Figure 4.9(a), the comparator output fails dramatically after 250 °C. The circuit
analysis shows the sensitivity of the comparator performance with the value of R4 (Figure 4.8(f)).
A resistive temperature detector (RTD) [50] is added in series to R4 to compensate the temperature
impact. Due to its high-temperature coefficient and very linear temperature response from room
temperature up to 500 °C, the RTD made of platinum is an ideal candidate for our case. The new
performance of the adapted comparator is presented in Figure 4.9(b).
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Figure 4.9: Comparator simulations at different temperatures: (a) Without adaptation, and (b)
With adaptation
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To validate the three proposed demodulators, a modulated signal (IN) is applied to retrieve the
demodulated signal (Q) and its complement (QB). The system analysis shows that the minimum
amplitude of the data-on signal is +5 V. This means that, to reach a higher power transfer efficiency,
the amplitude of the data-on signal could be increased more than £5 V as much as needed until
reaching the required power transfer efficiency, without applying any change on the proposed

demodulators.
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Figure 4.10: HBR demodulator simulation results at: (a) 25 °C, and (b) 400 °C
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In parallel, the maximum amplitude of the data-off signal is 4 V and it could be less than that, but
it would reduce the power transfer efficiency. Therefore, the modulated signal (IN) is selected with
high-amplitude of £5 V (minimum data-on) and low-amplitude of +4 V (maximum data-off) to
show the performance of modulators at the critical case. Consequently, a 1.0 V amplitude
difference (20% of the maximum amplitude) reached between the high-amplitude (data-on) and
low-amplitude (data-of) of the modulated signal (IN) with the proposed demodulators.

Figure 4.10(a) presents the transient performance of the HBR demodulator at 25 °C. To ensure the
reliability of the proposed demodulation system, simulations were repeated after applying the HT
GaN500 model (Angelov model) and resistor values (using equation (3.1)). At carrier frequency
60kHz, the simulation results at 400 °C shown in Figure 4.10(b) are compatible with the results at
25 °C in Figure 4.10(a) except for the ripples in the recovered signal (Q). These ripples could be
easily solved by adding a small capacitor (C = 10 pF) at the output of INV2. Similar simulation
results were obtained with the FBR demodulation system at a carrier frequency of 50 kHz. In
parallel, the simulation results of the digital demodulator with carrier frequency of 4 MHz are
presented at 25 °C and 400 °C in Figure 4.11(a) and Figure 4.11(b) respectively, where an excellent
stability is shown. The detected data (D) of inverter (INV4) is presented in Figure 4.12(a) and (b)
at 25 °C and 400 °C respectively, along with the delayed clock signal generated from inverter
(INV5).
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Figure 4.12: Delayed clock and detected data intersection at: (a) 25 °C, and (b) 400 °C

A complete chip layout (Figure 4.13) for the three proposed demodulators was performed. The
overall area of the chip is 4.0 mm x 2.5 mm. Table 1l summarizes the operating frequency, power
consumption and occupied area of each module. The high-power consumption and large area of
the digital demodulator are due to the Delay block which should be optimized in future work. As
shown in Table 4.2, the HT has a positive impact on power consumption especially for HBR and

FBR demodulators with power reduction of more than 40% at 400 °C.

Figure 4.13: Chip layout view of the proposed data transmission systems



Table 4.2: Power consumption and area of proposed demodulators

Demodulator | Frequency (MHz) | Power (W) @ Area (mm?)
25 °C/400 °C

HBR >(0.06 0.77/0.42 2.24

FBR >0.05 0.84/0.46 1.9

Digital >1 4.3/4 2

4.5 Conclusion and future work

The design and implementation of three different demodulators based on GaN500 devices are
described. The introduced building blocks are designed to fit into wireless power and data
transmission systems based on the LSK modulation technique targeting harsh environments and
high temperature application HT environment. The design considerations of the proposed modules
are discussed considering the specific requirements of the targeted applications and the limitations
of adopted technology. Circuit validation of GaN-based logic gates was performed at 400 °C.
Simulation results of proposed systems were performed to ensure their functionality over wide

temperature range between 25 °C and 400 °C. Future work includes circuit design optimization to

reduce the power consumption.
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5.1 Abstract

A fully-integrated data transmission system based on GaN (gallium nitride) HEMT (high-electron-
mobility transistor) devices is proposed. This system targets high-temperature (HT) applications,
especially those involving pressure and temperature sensors for aerospace in which the
environment temperature exceeds 350 °C. The presented system includes a front-end amplifying
the sensed signal (Gain of 50 V/V), followed by a novel analog-to-digital converter driving a
modulator exploiting the Load-Shift Keying technique. An oscillation frequency of 1.5 MHz is
used to ensure a robust wireless transmission through metallic-based barriers. To retrieve the data,
a new demodulator architecture based on digital circuits is proposed. A 1 V amplitude difference
can be detected between a high-amplitude (data-on) and a low-amplitude (data-off) of the received
modulated signal. Two high-voltage supply levels (+14 V and -14 V) are required to operate the
circuits. The layout of the proposed system was completed in a chip occupying 10.8 mm?. The HT
characterization and modeling of integrated GaN devices and passive components are performed
to ensure the reliability of simulation results. The performance of the various proposed building
blocks, as well as the whole system, have been validated by simulation over the projected wide
operating temperature range (25-350 °C).
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5.2 Introduction

Monitoring some critical parameters, such as temperature and pressure, in industrial applications
is needed to control sensitive areas like combustion engines, gas turbines and oil wells. Placing
sensors in harsh environments allows more accurate measurements to be made. However, it is still
a very challenging task especially at extremely high temperatures and pressures. In addition, many
systems in industrial applications operate in multi harsh environment situations, such as in
combustion engines, where the high temperature is often directly proportional to the high pressure.

Therefore, it becomes necessary to develop advanced harsh environment sensing technologies.

Silicon Carbide (SiC) based piezoresistive and capacitive sensors as well as polycrystalline
diamond sensors are suitable for high-temperature (HT) and high-pressure (HP) measurements
[182], [183]. However, the output signal of these types of sensors is usually low and requires
considerable embedded signal conditioning electronics. Platinum-based thermocouples are stable
at extreme temperatures up to 2000°C. However, their sensitivity is normally low and could be
seriously affected by induced common-mode noise. Optical fiber sensing technology is a promising
solution for HT and HP measurements. It is favorable because of the HT capability of optical fibers
up to 1000°C [184], [185], in addition to their small size, light weight and resistance to
electromagnetic interference (EMI). However, special housing for optical fibers is required at HT.

This affects the applicability of optical sensors in several harsh environments.

Moreover, in many cases, sensors placed in harsh environments are frequently isolated from their
control or power management units, which is usually located outside the harsh zone [3].
Commonly, these entities are interconnected with regular wires. However, these wired connections
present many challenges in harsh environments for preserving system light weight, simplicity and
low-cost system implementation. In addition, drilling holes through the separation medium which
is mostly metallic is not always an acceptable solution giving the potential risk of toxic chemicals

leakage, pressure or vacuum loss, and mechanical structure integrity weakening.

As a solution of this problematic, passive wireless sensing technologies in extreme environments

have been investigated. Surface acoustic wave (SAW) sensors have been demonstrated at HT up
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to 800°C [186], [187]. However, SAW sensors are very sensitive to the variation of material
properties that is expected in harsh environments. Another possible solution is RF coupling sensors
with a LC resonator circuit installed in the harsh environment [188]. The main drawback of RF

coupling sensors is their limited HT capability, in addition to their sensitivity to EMI.

To address the aforementioned hindrances, a promising solution is to build an integrated
microelectronic-based wireless transmission system. The transmission part of proposed integrated
system is embedded along with the sensor interface into the harsh environment. The acquired
information by the sensor interface is processed by the microelectronic system and wirelessly
transmitted to an external receiver. However, when the high environmental temperature exceeds
around 150°C-175°C, traditional Si-based systems are no longer able to fit the requirements, due
to the effective impact of high temperatures (HTs) on the physical and electrical behavior of the

technology used.

A possible solution is to provide cooling systems. However, such solutions introduce complexity
in terms of added components and wires that increase weight and size, which is often not
acceptable, especially in aerospace applications. Therefore, several influential corporations like
AIRBUS, SAFRAN, and THALES are seeking alternative microelectronic technologies that can
work under HT conditions to develop wirelessly controlled systems that can harvest power from
the surrounding HT and exchange data through wireless links [10], [124], [125]. Available
semiconductors dedicated to HT applications, such as silicon on insulator (SOI), gallium arsenide
(GaAs), and silicon germanium (SiGe) are serving a relatively short range of temperature not
exceeding 300 °C and for limited operation time [10], [28], [36], [41], while the real industrial
requirements can be much higher than this limit.

Wide bandgap (WBG) semiconductors are main candidates in the foreseeable future to overcome
the fundamental limits of available conventional electronics in HT applications [10], [61]. Silicon
carbide (SiC) and gallium nitride (GaN) are the best-known WBG devices that offer attractive
features suitable for HT conditions. These features include wide bandgap (3 eV), high drift-
saturation velocity, high thermal-conductivity, and low intrinsic carrier concentration [68].
Although GaN and SiC belong to the same WBG semiconductors family and share similar
attractive properties, SiC has received a great deal of attention in the past decade, especially in the

high temperature applications field. Several research results have been recently reported on
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developing SiC based ICs for HT applications. For instance, multistage digital and analog SiC-1Cs
using 4H-SiC MESFETSs are demonstrated in [11] showing correct operation at 300°C. Seventeen
circuits implemented with the Raytheon’s 4H-type HTSIC process were reported in [47] and
successfully tested at 300°C. In [168], HT voltage and current references are designed with a silicon
carbide CMOS process. Their operation and stability were reported in the 25°C to 540°C
temperature range. Using 6H-SiC depletion-mode JFET transistors, the design characterization of
various logic circuits (inverter, NAND, and NOR) were reported in [169] at extreme temperatures
reaching 550°C. In [170], low-voltage 4H-SiC n-p-n bipolar devices are used to implement OR-
NOR gates and a three-stage ring oscillator. The integrated circuits have been successfully tested
up to 300°C. Based on 6H-SiC n-channel depletion-mode JFETSs, differential amplifiers were
successfully fabricated for use in HT differential sensing [171]. The reported circuits were
characterized at temperatures reaching 450°C. A simple analog amplifier and a NOT logic gate
reported in [46] were fabricated using 6H-SiC JFET technology and were successfully operated
for thousands of hours at 500°C. Authors in [173] report the first analog-to-digital converter (ADC)
implemented using SiC along with the first CMOS digital-to-analog converter (DAC). These

circuits were tested in the 25°C to 400°C temperature range.

Although remarkable advances have been achieved, the development of SiC-based systems
dedicated for sensing applications is still at its early beginning. Indeed, the majority of the reported
SiC ICs are realized with either small number of implemented devices or on large integrated areas
having low density of device integration. There are still many obstacles limiting widespread
adoption of SiC sensing systems, including immature foundry processes, design kits and device
models. Only in [189] and [50] of integrated SiC-based wireless sensing systems were reported for
temperature and pressure measurements respectively. The developed RF transmitters were
successfully demonstrated from 25°C to 450°C. However, the proposed system represents only the
RF transmitter part, where the receiver is a Tektronix RSA3303B real-time spectrum analyzer. In
addition, the EMI effect on the wireless transmission performance was not investigated in spite of

the expected metallic environment between the transmitter and receiver.

On the other hand, Il1I-Nitride technologies, primarily GaN, exhibit substantial performance
improvements over the other semiconductors with respect to response speed and operating
temperature limits [14], in addition to the temperature stability of electron concentration in the
HEMT channel that makes GaN devices more stable over wide temperature ranges. Despite
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considerable efforts to develop GaN devices operating at HT above 600°C [14], 800°C [18], 900°C
[19] and 1000°C [20], few research projects are directed toward the development of integrated

microelectronic circuits and systems based on GaN devices.

To the best of our knowledge, none of the previously reported results relate to system level design
or implementation. The reported works only show the implementation of simple circuits like
inverters, comparators, ring oscillators, and one stage differential amplifiers [13], [21], [22]. In
[13], a GaN-based enhancement/depletion (E/D)-mode inverter was successfully fabricated and
tested from room temperature to 300°C. GaN heterojunction FET (HFET) depletion mode devices
are used in [21] to implement various circuits: Not gate, comparator, ring-oscillator and frequency
divider. A 31-stage ring-oscillator was tested at temperatures reaching 265°C and it was shown that
this circuit returns to the original performance after returning to room temperature. A novel
AlInN/GaN based IC was demonstrated in [22]. The fabricated ICs comprise an inverter and a

differential amplifier that showed stable performance up to 500°C.

In this paper, we present the complete design of a wireless data transmission system based on
GaN500 technology that is proposed to acquire signals from sensors installed in HT environments
and transmit the data through an inductive link to an external receiver. We focus on the electronic
part, including the transmitter and the receiver, rather than on the sensor interface itself. The main
goal is to implement a generic integrated system that could be utilized in different types of harsh
environment sensors, including pressure and temperature sensors, with minor adaptation. Section
5.3 includes the description of the proposed system. The HT modeling and characterization of GaN
devices and passive elements are presented in Section 5.4. The main considerations about the
adopted GaN technology and the circuit building blocks are described in Section 5.5, along with

corresponding simulation results. Conclusions are the subject of Section 5.6.

5.3 Proposed wireless system:

Typical monitoring sensors in HT applications require two types of connections; a power source
coming from an external power supply and the data connection to send the data monitored by the
sensor interface to the external system. In addition, most of the harsh environment sensors are
installed into compact metallic capsules. For this reason, different techniques have been adapted

for transmission through metallic barriers [3] for example RFID [190], planar IPT [5] and
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piezoelectric ultrasound [7]. However, these approaches are limited due to the low-transfer
efficiency and are restricted to specific applications (soft and thin metals).

Furthermore, harsh environment conditions intensively affect the curie point of piezoelectric
materials at which their functionality is lost. In addition, the system performance of ultrasound
techniques is highly reliant on the coupling quality and requires a direct grounding through the
metal wall. A weak coupling leads to significant impedance mismatch over the acoustic-electric
channel and causes a direct drop in the power-transfer efficiency and transmission data rate.
Moreover, an inductive power transfer (IPT) system is rarely used to transfer power through a
metallic medium, due to the high electrical conductivity that induces high Eddy current losses, and
also due to the high magnetic permeability of metal walls, which form a shielding zone for

inductive fields.

However, in our previous work [125], we described the design of a robust inductive link that can
wirelessly transmit power to pressure and temperature sensors installed in harsh environments. The
link was designed to operate at temperatures up to 500°C and pressure differential of up to 100 Bar.
Different materials were evaluated, including Titanium and steel, and their properties were

investigated.
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Figure 5.1: Block diagram of the proposed power and data transmission system.

Figure 5.1 shows the proposed wireless power and data communication system based on an
inductive link to transmit power and data through a metallic barrier. The work presented in this
paper deals only with the data path linking a low-amplitude analog signal provided by a sensor
interface (on the secondary side) to the delivered data on the primary side. The amplified signal is
then applied to an analog-to-digital converter (ADC) to provide a digital signal that can modulate
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the power signal coming from the primary inductive coil using Load Shift Keying (LSK). On the
primary side, the demodulator block detects the modulated signal and recovers the transmitted

digital data.

Load-shift keying modulation is a technique that produces a variation in a secondary circuit
impedance that is reflected as a variable impedance in a primary circuit. This impedance change
allows recovering digital data that is virtually transmitted from one side to the other side of the
inductive link by sensing the reflected impedance variations. In our system, the inductive link used
to deliver power from an external system is the same path that can be utilized to send back the data
coming from the sensor. Therefore, LSK modulation is used to ensure simplicity of the wireless
path implemented using a single inductive link providing power and data transmission.

5.4 Modeling and Characterization:

The technology adopted to implement the proposed GaN-based data communication system is the
GaN500 HEMT provided by the Canadian Photonics Fabrication Center (CPFC) of the National
Research Council of Canada (NRC). This technology is fabricated on 3-inch silicon carbide (SiC)
wafers of 75 pm thickness. It features 0.5 um long metal gates, two metal layers (LME and 2ME)
for interconnect, 50 €/sq nichrome resistors, and MIM capacitors (0.19 fF/um?). The SiC substrate
offers high-thermal conductivity and small lattice mismatch to a GaN layer, which is compatible
with high-temperature applications. The transistors are field-plated designs that exhibit much lower
gate leakage current and higher breakdown voltage than non-field plated devices.

The design and simulation of the proposed wireless system are completed under the Keysight’s
Advanced Design System (ADS) tool using the NRC Gallium Nitride MMIC Foundry Design Kit
(GaN500v3.10). This kit provides a transistor based on Angelov model that integrates temperature
effects and can be used to simulate the impact of internal self-heating and external ambient
temperature on the behavior of simulated circuits. However, in this GaN500v3.10 design kit, the
Angelov model of GaN500 device was not validated at temperature higher than 200°C and the
passive components were assumed to have values constant with temperature. Therefore, we
performed the HT characterization of GaN500 devices and passive elements to validate the
Angelov model at HT and we developed an accurate model of passive elements that enables

simulating the temperature effects on the proposed design.
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5.4.1 GaN500 HEMT

To ensure the validity of the available transistor model over the desired temperature range, we
performed the HT -V characterization of several fabricated GaN500 devices at various
temperatures ranging from 25 °C to 350 °C. The experimental setup that was used is depicted in
Figure 5.2 that shows GaN500 devices wire-bonded to the pads of a ceramic HT package and HT

wires that are used to connect the package to the measurement devices.

High-temperature experiments were performed using a hot plate providing temperatures
controllable over time. Temperatures were cycled between room temperature (25 °C) and 400 °C.
An infrared thermometer and a direct-contact thermocouple were utilized to measure the operating
temperature of the tested die surface that was used in combination with the temperature displayed

on the hot plate control.
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Figure 5.2: Experimental setup for HT GaN500 device characterization.

The output I-V characteristics of a typical GaN500 transistor (Lgate = 500 nm and Wgate = 50 um)
are depicted in Figure 5.3. Each graph reports measured and simulated 1-V characteristics for each
of the following temperatures: a) 25 °C, b) 200 °C, c¢) 300 °C, and d) 350 °C. Each graph plots
curves for each of six voltage levels, from -5 V (switch-off voltage) to 0 V (maximum switch-on
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voltage) applied to the device gate (Ves). The different curves are obtained by sweeping the drain-
source voltage (Vps) from 0 V until 15 V. The reported results show the good match obtained
between simulated and measured values for a given transistor aspect ratio and applied temperature.
These results confirm the suitability of Angelov’s model over a 25 °C to 350 °C temperature range.
The saturation current Ips at Ves = 0 V drops from 80 mA at T = 25°C to 33 mA at T = 350 °C.
This is a 40% drop of Ips at Ves = 0 V between 25 °C and 350 °C. Very similar current drops are

obtained for the other Ips at different Vs levels.

90 60
80 e
50
70 —Sim (0V) —Sim (0V)
—Meas (0V) ~—Meas (0V)
60 Sim (-1V) 40 Sim (-1V)
50 I!"lea"‘ {1—_\"} z Meas (1-V)
g —Sim (-2V) g 0 —Sim (-2V)
z —Meas (:2V) —Meas (-2V)
= =Sim (-3V) = —8im (-3V)
—Meas (-3V) 20 —Meas (-3V)
~—Sim (-4V) —Sim (-4V)
~—Meas (-4V) —Meas (-4V)
~Sim (-5V) 10 +~Sim (-5V)
~Meas (-5V) —Meas (-5V)
0
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
VDS (V) VDS (V)
(@) (b)
45 40
40 I e 15
35 AT —Sim (0V) . —Sim (0V)

; / / —Meas (0V) —Meas (0V)
30 // Sim (-1V) ) Sim (-1V)
?15 _;'r {Ic:ls (41 _\"} = : Meas (1-V)
El [/ —Sim(2V) g 0 —Sim (-2V)
2 T —Meas (-2V) o —Meas (-2V)

. =

= —Sim (-3V) = —Sim (-3V)
~Meas(:3V) 15 ~Meas (:3V)
—Sim (-4V) —Sim (<4V)
—Meas (-4V) 10 ~Meas (-4V)
~Sim (-5V) —8im (-5V)
~Meas (-5V) 5 ~Meas (-5V)

o
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 001 2 3 4 5 6 7 8 9 1011 12 13 14 15
VDS (V) VDS (V)
(c) (d)

Figure 5.3: Measured and simulated 1-V characteristics of a GaN500 device at: (a) 25 °C; (b) 200
°C; (c) 300 °C; (d) 350 °C.
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5.4.2 Integrated Passive Components

As shown in Figure 5.4, the process allows integrating compact passive devices, but provides no
model of their sensitivity to temperature. As we intend to operate circuits reliably over a wide
temperature range, the sensitivity of various passive components was characterized. Therefore,
resistors (R1 to Re) and capacitors (C: to Cs) of various sizes (see Table 5.1) were fabricated as
shown in Figure 5.4. The same experimental setup shown in Figure 5.2 was used to perform their

HT characterization over the 25 °C to 350 °C temperature range.

(b)

Figure 5.4: Integrated passive components for HT characterization: (a) Resistors; (b) Capacitors.

The measured resistances of R137s, as shown in Figure 5.5, linearly increase with temperature.

From the collected data, equation (4.1) was extracted.
R, =Ry(14+4107*T)+0.08T (5.1)

It predicts the new resistance (R¢) at any temperature (T) between 0 °C and 350 °C from its value
at room temperature (Ro). The resistance values predicted with equation (4.1) are plotted in Figure
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5.5 which allows comparing them with the experimental results. This confirms the accuracy of the
proposed model over the explored wide temperature range for all resistors. This predicted

temperature variation of resistor values is included in all wireless monitoring system models.
Table 5.1: Integrated Resistors and Capacitors.

Resistor | W/L (um) @ Value @25 °C () @ Capacitor | W/L (um) Value @25 °C (pF)

R1 50/100 103 Ci 500/315 57
R2 20/100 220 Cz 500/315 60
Rs 5/100 805 Cs 500/600 86
R4 50/400 340 Cs 400/600 77
Rs 20/400 815 Cs 400/600 77
Rs 5/400 3150
R7 5/650 5150
Rs 20/650 1320
Ro 50/650 540
940 150
920 140
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Figure 5.5: HT characterization of different integrated resistors: (a) R1; (b) Rs; (¢) R7; (d) Rs.
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The stability of the capacitors was characterized with an impedance analyzer (Agilent 4294A).
Figure 5.6 shows the capacitance of 3 different capacitors (C1= Cz and C4 = Cs) over the 25 °C to
350 °C temperature range. The results show the stable values observed for each capacitor with
minor variations observed due to the added variable testing probe parasitic capacitance. Therefore,
the capacitors in our design are considered to have constant values with temperature.

95

90

85

o
=

-1
n

c1
2
C3
c4

-5

Capacitance (pF)
& =
- h -

o
N

&

0 S0 100 150 200 250 300 350
Temperature (°C)

Figure 5.6: HT characterization of different integrated capacitors.

5.5 Circuit design and simulation results

After we confirmed the validity of the GaN500 Angelov model available in the design kit and the
passive elements model at HT up to 350°C, we used these devices and passive elements to design
the proposed wireless transmission system (including modulator and demodulator) and
corresponding building block circuits taking into consideration the impact of temperature on the
circuits and systems behavior.

However, since there is only one transistor type available in the GaN500 kit, thus implementing a
complete modulation/demodulation system became a challenging task. First, we reviewed the
applicable circuit design techniques used with WBG normally-on devices [22, 50]. The available
GaN500 depletion mode normally-on transistor requires Vgs = -5 V to completely switch off its
conductive channel. Therefore, a negative input logic level is needed to drive the various circuits
and consequently it sets a need to match the input-output controlling signals. Level shifters were
added to the logic circuits to solve the incompatibility between the input and output levels and three
supply voltage levels are needed (Vpp = +14 V, Vss = -14 V, and Gnd).
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Another challenging condition is the HT (350 °C) operating environment that the system should
endure reliably while monitoring various sensors. Those two hindrances reduce the possibilities of
adopting complex design techniques and are a strong motivation to reduce the number of transistors

used to implement the various system building blocks.

Figure 5.7 presents the block diagram of the proposed data transmission system, as well as the
circuit implementation of its building blocks. The main goal of this work is to implement a generic
integrated system that could be utilized in different types of harsh environment sensors such as HT
and HP sensors. The proposed system could be adapted to fit the specific requirements of many
types of sensors. To validate our system concept, a possible example is a pressure sensor [191]. It
is a piezoresistive MEMS pressure sensor from Kulite Semiconductor Products, Inc. (Model No.
XTEH-10L-190L). This sensor is a static pressure transducer with rated temperature of 500°C
(only for the sensor head) and rated pressure up to 210 Bar. It typically produces a small amplitude

signal ranging between 0 and 100mV when the measured pressure ranges from 0 to 210 Bar.

5.5.1 Front-end Amplifier

A front-end amplifier block is used in the data transmission path as shown in Figure 5.7(c). Its
input signal is provided by the pressure sensor with minimum and maximum voltage of OV and
100mV respectively. To amplify that signal, a 50 V/V two-stage amplifier architecture was
adopted. Each stage of this amplifier comprises a level shifter to maintain the input-output
compatibility. Simulation results, reported in Figure 5.8, show a sinusoidal input signal (IN = 0,
+100 mV) and the corresponding stable amplified output signal (OUT = 0, +5 V) over the wide
temperature range of 25 °C to 350 °C.

5.5.2 Analog to Digital Converter (ADC)

The amplified signal obtained from the pressure sensor is applied to an ADC. The block diagram
of this ADC is presented in Figure 5.7(a). The proposed ADC is based on the delta modulation
technique. Its architecture is optimized to reduce complexity while consuming little power and
area. The analog input signal, coming from the amplifier, is compared with the analog feedback
signal produced by the charge pump to provide a digital output applied to a D-Flip Flop. Note that
the charge pump in Figure 5.7(g) includes an output capacitor converting current pulses into an

analog value that can be compared with the amplified analog signal coming from the sensor. The
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latter is used to synchronize the extracted digital signal by the clock signal coming from a ring
oscillator to provide the final digital modulating waveform. The latter waveform is used along with
its complementary value to drive a charge pump. The output data from the ADC is employed to

drive the LSK modulator.
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Figure 5.8: Amplifier simulated results at different temperatures.
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Figure 5.9: Simulation results of the data transmission chain with the input in red and the output
in blue at: (a) 25 °C; (b) 350 °C. The recovered Q an QB streams are plotted in the embedded
graphs.

The simulation results at 25 °C are shown in Figure 5.9(a). Note that the feedback signal (OUT),
coming from the charge pump, follows the amplified analog input signal (IN), where IN presents

the monitored analog signal of the pressure sensor after amplification. Q and QB (plot embedded
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in Figure 5.9(a)) are used to control the direction of the charge pump current. At 350 °C, the ADC
is still working, as shown in Figure 5.9(b), despite the observable impact of the HT on its
performance. The remaining of this section describes the main circuits composing the ADC as well

as the simulation results confirming their functionality.

5.5.2.1 Comparator

Figure 5.7(d) presents the schematic design of the comparator where a first stage differential
amplifier is followed by a series of adapted inverters and level shifters to reach the desired
comparison accuracy. Figure 5.10 shows the comparator output and its good performance over the
25 °C to 350 °C temperature range.
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Figure 5.10: Comparator simulations at different temperatures.
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Figure 5.11: D-Flip Flop simulation results: (a) Input signals; (b) Output Data.
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5.5.2.2 D-Flip Flop

The D-Flip Flop design is based on five 2-input and one 3-input NAND logic gates where the
corresponding schematic design is shown in Figure 5.7(e) and Figure 5.7(f), respectively. The
simulation results, shown in Figure 5.11, confirm the good operation of the D-Flip Flop even at
350 °C.

5.5.2.3 Charge Pump

As briefly mentioned before, the purpose of the charge pump circuit is to convert its digital input
stream into an analog output (DAC). It is required by the ADC to provide an analog feedback signal
to be compared with the initial input analog signal and minimize the error rate of the modulation
process. For our specific application (pressure sensor), the charge pump is designed to provide an
output with minimum voltage (Vmin = 0 V) and a maximum voltage (Vmax = 2 V) to fit into the

proposed ADC system.

The schematic of the charge pump circuit is shown in Figure 5.7(g) where two complementary
inputs (Q and QB) are needed to charge and discharge the capacitor (C). The proposed charge
pump shows a correct behavior at 25 °C and 350 °C during charging and discharging as depicted

in Figure 5.12(a) and (b) respectively.

5.5.2.4 Ring Oscillator

A 7-stage ring oscillator is implemented to generate a 1.5 MHz output signal followed by an
inverter to sharpen the generated waveform. This frequency value is appropriate with the specific
requirements of wireless inductive link through metallic barrier where a low-frequency signal is
highly recommended [125]. Figure 5.13(a) shows the variation of the oscillation frequency as a
function of temperature. Note that the maximum deviation of the frequency is around 4.2% over

the considered wide temperature range of 25 °C to 350 °C.

5.5.2.5 Inverter

The schematic of the inverter that was used is shown in Figure 5.7(h). This design must be modified
in terms of transistors size, resistor values and sometimes by adding parallel capacitors to the output

based on design requirements. The simulated voltage transfer characteristics of a typical inverter
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are depicted in Figure 5.13(b), confirming its correct operation over the whole range of
temperatures considered.
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Figure 5.12: Impact of the temperature on Charge pump during: (a) Charging; (b) Discharging.
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Figure 5.13: Impact of the temperature on: (a) Oscillation frequency; (b) voltage transfer

characteristics of the inverter.

5.5.3 Proposed demodulation system

The block diagram of the proposed demodulator is presented in Figure 5.7(b). The demodulator
receives the LSK modulated signal (where there are two different amplitudes, high-level for data-
on and low-level for data-off) and recovers the initial data.
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The novel idea here is to use an inverter (INV1) which is carefully designed to detect only the high
amplitude voltage (data-on) of input signal. On the other hand, INV2 is used to switch continuously
regardless of the input voltage signal amplitude to generate the clock signal of the D-Flip Flop.
This signal is delayed by the average of the DELAY block to ensure matching with the detected
data signal. Both data-on and data-off amplitude voltage are recommended to be as close to each
other as possible to ensure higher power transfer efficiency during LSK modulation.

The minimum amplitude of the data-on signal that can be detected by INV1 is £5 V. In other words,
to reach a higher power transfer efficiency, the amplitude of the data-on signal could be increased
to more than £5 V, as much as needed, until reaching the required power transfer efficiency,
without applying any change on the proposed demodulators. In parallel, the maximum amplitude
of the data-off signal is +4 V and it could be less than that, but it would reduce the power transfer
efficiency. Therefore, to validate the concept, the modulated signal (IN) is selected with a high-
amplitude of £5 V (minimum data-on) and low-amplitude of +4 V (maximum data-off) to show
the performance of modulators in the critical case. Consequently, a 1.0 V amplitude difference
(20% of the maximum amplitude) is reached between the high-amplitude (data-on) and the low-

amplitude (data-off) of the modulated signal (IN) with the proposed demodulators.
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Figure 5.14: Demodulator simulation results of input/output signals at: (a) 25 °C; (b) 350 °C.
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Figure 5.15: Impact of the temperature on detected data (D) at: (a) 25 °C; (b) 350 °C.

The retrieved demodulated signal (Q) and its complementary (QB) at 25 °C are shown in Figure
5.14(a). INV1 detects only the high-level (5 V) pulses of IN and ignores the low-level (+4V) ones
as seen in Figure 5.15(a). The required time delay to shift the clock (CLK) and ensure its
intersection with the detected data (D) is comparatively large due to the low operating frequency.
Therefore, a long chain of inverters (20 stages) is utilized to design the DELAY block. At 350 °C,
the demodulator shows an excellent stability as seen in Figure 5.14(b) and Figure 5.15(b). In Figure
5.16, the simulation results confirm the robustness of the designed DELAY block that shows a
slight increase (10.5%) of its time delay at 350 °C.
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Figure 5.16: Temperature impact on DELAY circuit.
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A complete chip layout (Figure 5.17) for the proposed system was performed. The overall area of
the chip is 4.0 mm x 2.7 mm. The power consumption and the occupied area of the ADC,
demodulator and their corresponding building blocks are listed in Table 5.2. It is remarkable that
the HT has a positive impact on power consumption, with power consumption reduced by more
than 40% at 350 °C for some blocks. The power consumption and area of the digital demodulator
are dominated by the DELAY block, which should be optimized in future work.

< 4mm >

:

4
U _'f LR UL L U

=, [ 4

Figure 5.17: Chip layout view of the proposed data transmission system.

Table 5.2: Power consumption and area of the various system building blocks.

Circuit Power (MW) @ 25 °C | Power (mW) @ 350 °C = Area (mm?)
ADC 1100 720 3.2

Amp 658 308 0.45x0.2
COMP 770 420 0.42x0.46
D-FLIP FLOP | 126 108 1.2x0.25
Ring Oscillator | 210 189 3.2x0.22
Chargepump 14 1.2 2.4x0.8
Demodulator | 4438 4000 2.01
INV1 32 28 0.27x0.21
INV2 91 70 0.26x0.23
DELAY 3318 3010 2.9x0.55
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5.6 Conclusion and Future Work

We described novel circuits techniques intended for implementing wireless data
transmission systems dedicated for high-temperature (HT) applications. The introduced system
is integrated using AIlIGaN/GaN HEMT devices to benefit from its corresponding
outstanding properties, commercial availability, and ability to endure the HT environment.
The HT characterization of GaN500 devices, integrated resistors, and integrated capacitors
was performed to validate their corresponding models used in system simulations. The design
considerations of the proposed system were discussed taking into account the specific
requirements of the targeted applications and the limitations of adopted technology. Circuit
simulations of subsystems and building blocks were performed over the 25 °C to 350 °C wide
temperature range to validate the capability of the GaN technology to implement an integrated
wireless system that can be used in harsh environment applications. Future work should focus on

circuit design optimization to further reduce area and power consumption.
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CHAPTER 6 GENERAL DISCUSSION

Monitoring sensors installed in harsh environment applications, such as deep-well drilling,
automotive and space exploration, are needed to enable improved safety, optimized fuel efficiency
and reduced emissions. The ability to use electronic systems in these sensors will eliminate heavy
complex cooling and protection solutions. Consequently, the cost of current sensing systems would

be decreased, and reliability would be improved by reducing the weight and size of cabling.

Implementing circuits and systems able to process the monitored data in high-temperature
environment is not an easy task. Indeed, serious challenges and severe constraints had to be
addressed throughout our research. A comprehensive literature review was conducted on harsh
environment electronics. This led us to identify WBG semiconductors as the best technology for
building the targeted class of desired system. The most known WBG technologies are the SiC and
GaN. Further investigation was needed to decide which one is most available and appropriate for
our application. Although SiC received a great deal of attention in the past decade as a proper
candidate for high-temperature applications, the low device density integration and the
unavailability of SiC integrated devices and circuits for HT applications prevented the SiC to be
our first option. On the other hand, the GaN500 HEMT technology commercialized by NRC that
is available through CMC was found to be an ideal option for our research.

In fact, two GaN design kits were available at NRC; GaN150 and GaN500. However, the
fabrication runs were not regularly available and mainly depended on requested fabrication area.
Consequently, and due to the low number of fabrication request, NRC was forced to stop the
fabrication of GaN150 and keep the fabrication of GaN500 in condition of complete wafer
fabrication request. This instability in the fabrication timeline and the selection of design Kit
imposed us to redesign our circuits and systems based on GaN500 kit after we spent a long time to
implement our systems based on GaN150. Moreover, to benefit from multi project wafer (MPW)
option, we were forced to wait until the submission of two other unrelated projects to fabricate their
design with GaN500.

Our literature review confirms the robustness of GaN devices in HT. However, the provided
GaN150 and GaN500 kits by NRC was developed to suit the needs of RF applications and they
were not characterized at HT. Therefore, we performed the HT characterization of few independent

GaN150 and GaN500 devices. Due to the shortage in HT packaging and wiring, we were forced to
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do the HT testing using probe station to establish the electrical connection with GaN terminals.
This experiment could not support the very high temperatures due to the instability of probe needles
at such temperatures set on the surface of GaN device terminals. For this reason, we developed
another packaging solution by attaching HT wires to the pins of the tested package. Then, the
package is deposited on the surface of a hot plate. This packaging and setup experiment allowed
the HT characterization to reach 400 °C.

The normally-on depletion mode GaN devices provided by GaN500 design kit imposed significant
design constraints to build the desired data transmission system including digital and analog blocks.
In addition, only few published works (3-4) were found successful to implement GaN-based
circuits in HT applications, which added more challenges to develop new design solutions based
on our GaN500 kit. Taking into consideration the limited power budget in our wireless based
system and the small desired implementation area, a minimum number of transistors was used to
obtain a simple design of the desired functions and for better miniaturization of the complete

system.

After two years of interaction with NRC, we successfully submitted and fabricated two chips based
on GaN500. Each one has a size of 4 mm x 4 mm. The first chip mainly includes the building
blocks of digital and analog circuits (See Appendix A), and the second chip contains the proposed
systems based on the circuits validated in chip 1 (See Appendix B). In addition to the building
blocks and systems, the chips comprise samples of integrated passive components (resistors,
capacitors and inductors) (See Appendix A) and active devices (GaN500) with different values and
sizes (See Appendix B) to perform the reliability tests and generate simulation models of those
components at high temperature.

During the first measurements of the received chips, we noticed that the self heating is very high
reaching around 80 °C in less than one minute. The main reason of the high self heating is the
power dissipation in the integrated resistors. We were imposed to shrink the area of each circuit to
be able to include all the designed circuits and systems. For this reason, the resistors are designed
with minimum width to reach the desired resistance with minimum resistor dimension. In addition,
we limited the number of voltage supply terminals to gain more pads and get access to all designed

circuits and systems. However, the strategy of limited number of power supplies and minimum
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width of integrated resistors negatively affect the performance of implemented circuits. We did not
use larger chips or more chips because of the high fabrication cost and the limited fabrication runs.

We performed the HT measurements of digital circuits at temperature reaching 350 °C, the
maximum we could handle due to limitation in HT packaging and testing setup. The analog circuits
and main systems did not show a good functionality even at normal temperature 25 °C. The fab
supplier (NRC) mentioned that the GaN500 devices of the fabricated chips have a higher gate
leakage current (LE-3 A/mm) than mentioned in the design manual (1E-4 A/mm). The tested gate
leakage current in our lab confirmed the fab supplier notification in addition to the increase of
threshold voltage from expected Vgs = -3.5 V to measured Ves = -4.5 V and the increase of
integrated resistors values by 20% over the designed ones. All these reasons affected the

performance of analog circuits and systems based on the analog blocks.

The fab supplier mentioned that another fabrication run is almost finished, and a new copy of the
same designed chips will be delivered soon in the coming few months. They confirmed that the
preliminary tests of the new run show a normal rate of gate leakage current (1E-4 A/mm). This will
give us the opportunity to do more measurements and compare between the two runs. In addition,
we may see better functionality specially in the analog blocks. However, the supplier mentioned
that the resistors have values less than designed by 20%. This will increase the power consumption,
self-heating and affect the functionality of sensitive blocks and systems. A third run is also expected
as a backup of the previous two runs. The delivery time is expected to be with the delivery of the
second run. With the third run, we are expecting better performance of sensitive circuits and
systems in addition to more measurement data to perform the reliability tests and develop accurate
HT models.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

In this thesis, we present our work on new building block circuits to implement a wireless data
transmission system dedicated for high temperature applications. Our main objectives were to
support monitoring sensors in harsh environment by improving the recovery and transmission of
measured data and by simplifying their use to reduce cost, improve safety and optimize efficiency.
The GaN500 technology was selected to perform the implementation of circuits and systems due
to its robustness at high temperature and availability for fabrication. New ideas and techniques
have been conducted to design new simple building circuits and to overcome the limitations
imposed by the normally-on depletion mode GaN500 devices. The thesis is organized in a way that

each chapter introduces an original contribution from this research.

Chapter 3 presents the implementation and characterization of GaN500 devices and of integrated
passive components available as part of the GaN500 technology. The GaN devices and passive
components are remarkably stable, enabling operation above 500 °C. The characterization results
are used to extract HT models of the integrated GaN500 devices (Angelov model) and passive
elements (empirical model). These models would be included in the GaN500 design kit to capture
the temperature effects on the design simulations. Four logic gates (NAND-2IN, NAND-3IN,
NOR-2IN and NOR-3IN) were implemented and successfully validated at HT. In addition, two
voltage reference circuits and an inverter were tested at temperatures ranging from 25 °C to 600
°C. This work is an important step toward the implementation of GaN-based integrated circuits

(IC) and systems intended for high-temperature (HT) applications.

In chapter 4, the design and implementation of three different demodulators based on GaN500
devices are described. The introduced systems are designed to fit into data transmission systems
based on the LSK modulation technique implemented in HT applications. To serve data
transmission through metallic barrier, two of the proposed systems were designed to demodulate
low carrier frequencies in the range of kHz. The third system is dedicated more for higher carrier
frequency. The design considerations of the proposed modules are discussed considering the
specific requirements of the targeted applications and the limitations of adopted technology.
Simulation results of proposed systems are performed to ensure their functionality over wide

temperature ranges between 25 °C and 400 °C.
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In chapter 5, a fully-integrated data transmission system based on GaN500 devices is proposed to
acquire signals from sensors installed in HT environments. The presented system comprises of
modulation and demodulation blocks. The modulator includes a front-end amplifier (Gain of
50V/V), followed by a novel analog-to-digital converter driving a modulator exploiting the Load-
Shift Keying technique. To retrieve the data, a fully digital demodulator is proposed. The HT
characterization and modeling of integrated GaN devices and passive components are performed
to ensure the reliability of simulation results. The performance of the various proposed building
blocks and systems have been validated by simulation over the projected wide operating

temperature range (25-350 °C).

7.1 Contributions

The main contributions claimed in this thesis relate to the development of proposed wireless data

transmission systems. These contributions can be summarized as follows:

e We conducted in-depth investigations on the available high-temperature semiconductors
and based on this analysis, we selected the GaN500 technology to implement our system.
We performed the HT characterization of GaN500 devices at temperatures reaching 600
°C. From that experimental characterization, we extracted an improved Angelov model with
which we can simulate the impact of temperature on designed circuits and systems.
Integrated passive elements have also been characterized at HT and the HT models have

been extracted as well.

e We designed the first GaN500-based building circuits using simple design. The circuits
were validated at HT, thus confirming the ability of GaN500 technology to implement
digital circuits operating at HT.

e We designed the first modulation/demodulation system based on GaN500 technology. This
system was validated with simulations reflecting the impact of temperature on active and
passive elements and the results are promising as they show stable performance of proposed

system over the temperature range 25 °C to 350 °C.
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7.2 Future work

Our planned future work is to further validate the functionality of the implemented systems at HT
using the devices from two fabrication runs of our chips that are expected in the near future at the
time of completing this thesis. Those runs are expected to have better performance after the applied
improvements on fabrication process by NRC. In parallel, the fabricated independent GaN500
devices will be used to complete the extracted improved Angelov model including the AC
modeling and transient modeling. In addition, we aim to develop new approaches, techniques, and
structures for harsh-environment packaging. The HT packaging will give us the opportunity to
validate the functionality of developed systems at HT higher than 400 °C. The validated modulation
and demodulation systems will be used to implement a complete chain of wireless monitoring
starting from the interface of an installed sensor to the external control unit passing through an

inductive link to transmit the data through a metallic barrier.

Another future work is to implement a GaN-based power transfer system able to transfer sufficient
power to a data transmission system operating at high temperature. To prevent low fabrication
quality or long delivery times, we will explore fabricating our future design with another supplier.
One available option is United Monolithic Semiconductors (UMS) in Europe which provides
fabrication of GaN250 HEMT (GH25) technology. This technology is very close to the GaN500

technology utilised in our design. This technology offers faster fabrication and delivery time.

Finally, we aim to implement a complete prototype of a GaN-based data and power transmission
system. We will examine the characteristics of the material used in construction of applications
where an inductive link will be applied. Another important area of future research relates to
inductive coupling for power and data transmission. There are several but finding the best one is

challenging research.

A complete prototype consisting of both data and power systems based on GaN technology could
be implemented and tested to ensure the reliability of the developed systems and the effective
functionality between them. Experimental validation of the prototype could be performed using a
real helicopter engine bench provided by Safran. The engine bench would serve the testing

measurements to ensure the practical simulation of real harsh environment applications.
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Journal articles:

1-

Hassan, A., Ali, M., Savaria, Y., & Sawan, M. (2019). GaN-based LSK demodulators for
wireless data receivers in high-temperature applications. Microelectronics Journal.
Published on 14 January 2019.

Hassan, A., Ali, M., Trigui, A., Savaria, Y., & Sawan, M. (2019). A GaN-based Wireless
Monitoring System for High-Temperature Applications. Sensors (invited paper). Published
on 14 April 2019

Hassan, A., Amer, M., A., Savaria, Y., & Sawan, M. (2019). High-Temperature
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APPENDIX A- CHIP 1

Figure 1: Micrograph of fabricated Chipl (4 mm x 4 mm)

Figure 2: Micrograph of fabricated passive components



Table 1: Circuits of chip 1 and corresponding current and power consumption (simulation)

Circuit IDD (mA) IGND (mA) ISS (mA) POWER (mW)
INV1 <1 <1l <1 20
INV2 9 5 4 182
INV3 6 5 1 98
INV4 <1 <1 <1 20
INV5 <1 <1 <1 20
INV6 <1 <1l <1 20
INV7 9 5 4 182
INV8 9 5 4 182
NAND-2IN-1 <1 <1 <1 20
NAND-2IN-2 9 5 4 182
NAND-3IN-1 <1 <1 <1 20
NAND-3IN-2 9 5 4 182
NOR-2IN <1 <1 <1 20
NOR-3IN 1.5 1 <1 25
XOR/XNOR 5 2 3 112
VREF1 <1 <1 NA 0.7
VREF2 <1 <1 NA 0.6
DFF1 6 3 3 126
DFF2 44 30 14 812
COMPARATOR | 30 5 25 770
0OSC1 13 8 5 252
0sC2 13 8 5 252
OSC3 13 8 5 252
DELAY 150 60 90 3360
AMPLIFIER 27 23 4 434

“NA: The circuit doesn’t need VSS power supply (only VDD and GND)
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Figure 5: INV3: (a) Schematic, and (b) Micrograph
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Figure 7: INV5: (a) Schematic, and (b) Micrograph
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Figure 9: INV7: (a) Schematic, and (b) Micrograph
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Figure 10: INV8: (a) Schematic, and (b) Micrograph
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Figure 11: NAND-2IN-2: (a) Schematic, and (b) Micrograph
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Figure 12: NAND-3IN-1: (a) Schematic, and (b) Micrograph
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Figure 13: NAND-3IN-2: (a) Schematic, and (b) Micrograph
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Figure 14: NOR-2IN: (a) Schematic, and (b) Micrograph
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Figure 15: NOR-3IN: (a) Schematic, and (b) Micrograph
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Figure 16: FBR: (a) Schematic, and (b) Micrograph
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Figure 21: Amplifier: (a) Schematic, and (b) Micrograph
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Figure 22: Comparator: (a) Schematic, and (b) Micrograph
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APPENDIX B- CHIP 2

Figure 1: Micrograph of fabricated chip 2 (4 mm x 4 mm)

Figure 2. Micrograph of fabricated GaN devices.



Table 1: Implemented GaN500 devices

Transistor W (um) S (um)
T1,T2, T3 20 43

T4, T5 20 100
T6, T7, T8 40 43

T9, T10 40 100
T11,T12 60 43
T13 60 100
T14,T15 200 100

Table 2: Blocks of chip 2 and corresponding current and power consumption (simulation)

Block IDD (mA)  IGND (mA) | ISS(mA) | POWER (mW)
Modulator 86 48 38 1700

Digital Demodulator 160 60 100 3640

FBR Demodulator 35 5 30 910

HBR Demodulator 45 15 30 1050

“NA: The circuit doesn’t need VSS power supply (only VDD and GND)

(@)

Figure 3 : (a) Micrograph of a single GaN500 transistor and (b) Testing setup of transistors.
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Figure 4: Block diagram of designed systems: (a) Modulator, (b) Digital demodulator, (c) FBR
Demodulator, and (d) HBR Demodulator
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