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Abstract

Instruments and vehicles used in space experience a wide range of extreme environments, including
high and low pressures, hypervelocity impacts from micro-meteorites, radiation exposure, and high
and low temperatures. A major challenge in space exploration is that the electronics used in satel-
lites and space vehicles are often made of silicon; however, silicon-based electronics tend to fail at
temperatures above 200°C. In order to operate in the high-temperature environments of outer space,
these electronics often require external cooling mechanisms, thus adding further bulk, complexity,
and cost to the system. Gallium nitride (GaN) has a much wider temperature range than silicon
(up to 1000°C) and has also shown to be more radiation-hardened, making it a viable platform for
robust space-grade electronics. In this thesis, I discuss the design, testing, and implementation of
two different GaN-based sensors: a Hall-effect (magnetic field) sensor and a UV photodetector.

The first part of this thesis focuses on how changing the geometry of the Hall-effect sensor af-
fects its sensitivity, offset, and noise behavior. The experimental results show that the octagonal
AlGaN/GaN and InAIN/GaN Hall plates follow the same behavior trends as theorized in the lit-
erature for silicon Hall plates: devices with the shortest contacts have the highest current-scaled
sensitivity, while devices shaped as regular octagons have the highest voltage-scaled sensitivity. Low
frequency noise is shown to increase with contact size, while at high frequency the dominant form
of noise is thermal noise, for which an optimization on device shape is also described.

After comprehensively characterizing GaN-based Hall-effect sensors in an ambient environment,
they are evaluated in various space-simulant environments. The main focus is on high temperature
environments; the sensitivity of AlGaN/GaN and InAIN/GaN devices is characterized between room
temperature and 576°C. Both devices show decreasing voltage-scaled magnetic sensitivity at high
temperatures, but little hysteresis over 2-3 thermal cycles and nearly full recovery of initial sensitivity
at room temperature. Additionally, current-scaled sensitivities remain stable over the temperature
range, due to the minimal temperature dependence of the electron sheet density on the 2-dimensional
electron gas (2DEG). Stability at high temperature is further exhibited through long-term high
temperature storage tests as well as a 10-day exposure to a Venus-analogue environment (460°C,
96.5 bar, CO2 atmosphere).

The last section of this thesis details the characterization of an AlGaN/GaN photodetector in
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a high temperature environment (up to 250°C) and discusses the reasons for its dramatic drop
in responsivity at this high temperature. The photodetector is then implemented for combustion
monitoring in two different hybrid rocket motor applications. In addition to successfully detecting the
duration of the combustion, the measurements from the photodetector vary with oxygen-to-fuel ratio
for a hybrid rocket motor igniter plume. Additionally, the measurements from the photodetector
are used to estimate the flame temperature for the igniter plume as well as in the center of a solid
transparent hybrid rocket motor fuel grain.

The results from thorough testing of GaN-based Hall-effect sensors and photodetectors suggest
that this material platform is a good candidate for use in outer space and terrestrial harsh environ-
ments. Further, by demonstrating the functionality of these sensors on space systems, we contributed
to increasing the technology readiness level of GaN-based sensors and pushing them one step closer

towards industrial use.
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Nomenclature

(L/W)egs Effective number of squares

A Ratio of length of sides with contacts to full perimeter of device

L Mobility [m?/V-s]

o Energy barrier [J]

Pe Contact resistance [Qcm?]

a Length of sides without contacts

B Magnetic field [T

b Length of sides with contacts
Frequency [Hz]

G Gain

Gy Shape factor

1 Current [A]

kg Boltzmann constant

Ly Transfer length [pm)]

ng Sheet electron density [m~3]
q Electronic charge [C]
T Scattering factor

Rsn,  Sheet resistance [2/0]

Si Current-scaled sensitivity [V/V/T]
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Voltage-scaled sensitivity [V/A/T)|
Temperature [K]

Voltage [V]

Hall-effect voltage [V]

Thermal noise [V]
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Chapter 1

Introduction

1.1 Sensors for Automotive, Aerospace, and Embedded Power

Systems

A sensor is a device that measures a physical quantity (e.g., temperature, pressure, vibration, chem-
ical concentration, displacement, magnetic field, light intensity) and converts it into an electrical
(or otherwise-readable) signal. Sensors are widely used in industries spanning consumer electronics,
environmental monitoring, medical equipment, industrial automation, transportation, and commu-
nication, among several others. A 2019 market research report indicates that in 2017 the global
sensor market was valued at $139 billion, and it is expected to grow to $287 billion by 2025, mainly
fueled by increased usage of smart phones and other electronic devices, advances in automation, and
the growing trend towards internet of things (IoT) [1].

The automotive industry is one of the largest consumers of sensors, comprising over 20% of the
market share [2]. There are 60 to 100 sensors in a single car [3], monitoring everything from door and
window positions to battery and engine temperatures to fuel and oil levels, and also providing other
safety functions like rollover detection and crash sensing [4]. As cars trend towards more autonomy,
an increased number of sensors will be required to ensure the safety and reliability of vehicles on
the roads. In the aerospace sector, sensors serve similarly critical functions; these include inertial
navigation, structural health monitoring, and heat flux sensing for thermal management purposes,
among others [5]. Within the power electronics arena, sensors are used to monitor the high currents,
voltages, and temperatures that these devices experience. As automotive, aerospace, and power
electronic systems become progressively more autonomous and complex, the need for miniaturized

sensors with increased accuracy, robustness, and reliability grows ever greater.
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1.2 Sensors in Extreme Environments

There is a growing need for electronic components, including sensors, that can operate under ex-
treme conditions, specifically in downhole environments, in industrial systems, and in outer space.
These harsh environments may include extremely high and low temperatures, high heat fluxes and
thermal cycling, hypervelocity impacts, large accelerations, exposure to caustic chemicals, high and
low pressures, and high doses of radiation [6]. Electronics are being operated in these sorts of envi-
ronments every day in automobile and airplane engines, down-hole oil exploration and well logging,
and implanted biomedical devices [7], but further improvements are needed to increase the efficiency
and reliability of sensors in these applications, as well as to open doors further into outer space.

Environments can vary dramatically within the space domain alone, and thus designing com-
ponents for space applications comes with several challenges which may differ depending on the
mission. Our nearest neighboring planet, Venus, has an average surface temperature of 470°C, an
atmosphere that is predominantly made up of COs, sulfuric acid clouds, and an average atmospheric
pressure at the surface of 93 bar (over 90 times that of Earth) [8, 9]. Further, the combination of
the 225-day orbital period and the 243-day rotational period causes each solar day to be equivalent
to 117 Earth days, meaning that a given spot on the surface is in sunlight and then darkness for
58.5 days each [8]. These harsh conditions have made it very difficult to study the Venusian core,
surface, and atmosphere; no probe has survived on Venus for longer than the Soviet lander Venera
13, which lasted a mere 127 minutes.

Another body that has garnered significant scientific interest is Jupiter’s moon Europa, which is
thought to have the potential for life due to its subsurface liquid water ocean [10]. In contrast to
Venus’ high surface temperatures, Europa’s surface temperatures average -150°C to -180°C [6, 9].
Within the planets in our Solar System alone, the surface temperatures can range from close to
-300°C on Pluto (technically not a planet, but still interesting to study) up to nearly 500°C on
Venus (Fig. 1.1). Many spacecraft also experience high temperatures due to solar heating and
power dissipation [11].

Beyond the extremely cold environment, the high radiation dose of 20-40 krad/day [6] poses

further challenges to sending instruments to study the environment.

1.2.1 Radiation in the Solar System

Radiation comes from many sources throughout the universe, and there are multiple mechanisms
through which radiation exposure can damage electronics. Solar wind, solar flares, and galactic
cosmic radiation can produce energetic protons, electrons, heavy ions, and photons that have poten-
tially harmful interaction with electronics. Additionally, there are regions around Earth known as
the Van Allen Belts that have high concentrations of charged particles, which are trapped there due

to Earth’s magnetic field [9, 12, 13]. These forms of radiation can manifest themselves in different
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Figure 1.1: Temperature range of planets in the Solar System.

ways to damage electronics. Total ionizing dose (TID) effects are caused by excess energy being
deposited into a material, breaking bonds and creating point defects that can trap charge [9]. This
can lead to macroscopic effects in device performance, such as increased leakage current [13]. Dis-
placement effects occur when the energy supplied to an atom by an incident ion knocks it out of
its original position, displacing the atom and creating a vacancy. This can disturb device operation
by creating new current paths and thus increasing leakage currents and background noise, or making
flow less efficient in regions designed for conduction [12, 13]. Single event effects (SEE) occur
when a high energy particle passes through the part. This can result in the switching of a transistor,
a logic state switch in a digital circuit, or a bit flip in a variety of other flight-critical systems [9].
Satellites experience a range of radiation doses depending on their orbital paths. Satellites in low-
Earth orbit (LEO), such as Earth-observation satellites and the International Space Station, orbit
at an altitude of 100 to 1000 km and experience radiation doses of ~0.1 krad/year, mostly coming
from galactic cosmic rays and solar flares. Geostationary satellites are those in geosynchronous Earth
orbit (GEO). At an altitude of 36,000 km, they are exposed to ~10 krad/year from solar flares and
cosmic rays as well as some charged particles in the outer Van Allen belts. Satellites in medium
Earth orbit (MEO) like GPS constellations are exposed to the harshest conditions, as they are well
within the Van Allen belts and can experience dose rates of ~100 krad/year. In addition to high
doses of radiation, orbiting spacecraft are often exposed to extreme temperature swings between

-120 and 150°C depending on their proximity and orientation with respect to the Sun [9].
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1.2.2 Current Solutions for Electronics in Extreme Environments

Scientists and engineers have implemented ways to partially mitigate the effects of exposure to
extreme temperatures and radiation doses. Electronics are often integrated with external cooling
mechanisms to maintain operational temperatures, such as thermal insulation to passively keep the
electronics cool, radiators to radiate excess heat into space, and active refrigeration techniques [14].
Radiation effects from TID can be reduced through shielding, because particles lose energy as they
are transported through the extra layers of material, resulting in not enough energy to damage the
electronics. For particles that are not sufficiently blocked by shielding, such as high energy protons
and galactic cosmic rays, circuit level mitigation may be implemented to detect and correct errors.
In addition, mission-critical parts may be duplicated or tripled in order create redundancy and thus
ensure fault tolerance [13]. Implementing these cooling and shielding processes comes with several
drawbacks. They require additional power and contribute further bulk and complexity to the system,
leading to increased size, weight, and overall costs of the system [6]. Additionally, packaging can
introduce more stress into the system and comes with the added threat of contamination during
assembly [5]. Thus, components that can operate at extreme temperatures with minimal cooling

and shielding are necessary for achieving higher efficiency, higher reliability, and lower cost systems.

1.3 Emerging Semiconductor Materials for Extreme Envi-

ronment Applications

Electronic components are typically made of silicon due to its low cost, ease of fabrication, and com-
plimentary metal-oxide-semiconductor (CMOS) compatibility; however, silicon’s narrow bandgap of
1.1 eV limits its functionality to temperatures below 200°C [15, 16]. This temperature limitation
can be overcome by using materials with wide bandgaps, such as silicon carbide (SiC), aluminum
nitride (AIN), diamond, and gallium nitride (GaN) [17, 18, 19]. The wide bandgap of these materials

leads to a much lower intrinsic carrier concentration (n;), as per Eq. 1.1,

n; = \/Ng Nye—Eo/2kaT (1.1)

where N¢ is the effective density of states for the conduction band, Ny is the effective density of
states for the valence band, E, is the bandgap, kp is Boltzmann’s constant, and 7" is temperature.
The room temperature intrinsic carrier concentration, n;, for GaN (E; = 3.4 ¢V) is ~ 10710 ¢cm—3,
while for Si it is on the order of 101° cm™3 [17]. Intrinsic doping concentration increases with
temperature; this, is problematic for silicon electronics, which rely on doped regions to function.
When the intrinsic carrier concentration approaches the doping concentration, the devices stop

working. Silicon is seldom doped beyond ~ 102 ¢cm™3 due to the solubility limit of dopants in
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Figure 1.2: Potential application spaces for GaN sensors.

silicon [20]. Therefore, lightly doped regions must be doped to concentrations well below the heavy-
doping limit. The intrinsic carrier concentration nears the value of lightly doped regions (104-1017)
at a temperature of ~200°C [17], rendering many devices unusable in this temperature range.

Meanwhile, heterostructures made using GaN have previously shown operation up to 1000°C [21].
They have also exhibited radiation hardness beyond that of silicon [22, 23], due to a higher mean
displacement energy (energy required to displace an atom from the lattice) than silicon [24]. These
two robustness properties make GaN a potentially viable material for space applications. It has
additionally become a promising material platform for power electronics due to its high breakdown
field and potential for monolithic integration with silicon electronics [25], and may be suitable for
use in other industries that experience harsh environments, such as oil and gas exploration (Fig.
1.2).

1.3.1 GalN Heterostructures

GaN heterostructures have a 2-dimensional electron gas (2DEG) that is formed when a nanometers-
thick layer of unintentionally doped aluminum or indium aluminum nitride (AlGaN or InAIN) is
deposited on an underlying GaN layer. An electric field across the III-nitride layer is set up due
to both spontaneous polarization (due to the difference in charge between the gallium and nitrogen
atoms, which separates to form a dipole) and piezoelectric polarization (due to the different in lattice
constant between the two layers, inducing strain at the interface), as shown in Fig. 1.3 [26, 27].
In AlGaN/GaN heterostructures the contributions from spontaneous polarization and piezoelectric
polarization are fairly equal [28]. However, with the appropriate aluminum concentration (17%)
InAIN/GaN heterostructures may be lattice-matched, and thus all the polarization field is entirely
due to spontaneous polarization.

Because the GaN and the alloy have different bandgaps, there is a discontinuity in their conduc-
tion bands when they are brought together (Fig. 1.3d). If the AlGaN or InAIN layer is beyond a
critical thickness, the GaN will dip below the Fermi level. This thickness is defined by the energy
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Figure 1.3: Formation of the 2DEG in an AlGaN/GaN heterostructure due to spontaneous and
piezoelectric polarization.

level of the surface donor states (Fp) and the difference between the conduction band levels of
GaN and the alloy (AE¢); the alloy layer must be thick enough such that the conduction band of
GaN is below the Fermi level at the interface. The source of electrons differs for different material
platforms. In AlGaAs/GaAs heterostructures, the electrons come from the doped AlGaAs layer.
GaN-based heterostructures are unintentionally doped, meaning that dopants are not added to ei-
ther layer during the fabrication process. Instead, the source of electrons are the surface states,
which act as electron donors [29]. These electrons are carried by the electric field and accumulate
at the interface, forming a quantum well, known as the 2DEG [30, 31, 28]. The 2DEG sheet carrier
concentration depends on several parameters, including thicknesses of the two layers, the dielectric
constants of the layers, the polarization of the layers, the Schottky barrier height, and the conduc-
tion band offset at the interface [32]. The 2DEG has a high electron mobility (1500 to 2000 cm?/V-s
at room temperature for AlGaN/GaN [15, 22, 33, 34, 35]), and can be leveraged for many sensing
applications (Fig. 1.4). The high mobility, combined with the aforementioned low intrinsic carrier
concentration, gives GaN-based heterostructures the ability to thrive in high temperature environ-
ments [17]. Thus, AlGaN/GaN heterostructures are useful for a variety of sensing applications and

have the potential to be monolithically integrated with supporting circuitry (Fig. 1.4).
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Figure 1.4: Monolithic integration of sensors and supporting circuitry on an AlGaN/GaN platform.

1.4 Thesis Contributions

The major contributions of this thesis are the following:

e Conducted the first comprehensive experimental validation of how the shape factor affects
Hall-effect sensor sensitivity. The results also show that 2DEG-based Hall plates have the

same geometry-dependent properties as silicon-based devices.

e Characterized the sensitivity of InAIN/GaN and AlGaN/GaN Hall-effect sensors up to a
record-high temperature of 576°C. The continued operation of the devices at high temper-
ature (over multiple thermal cycles) and subsequent recovery of original sensitivity after being
returned to room temperature suggest that the high temperature exposure has little to no
permanent effect on the device. Along with results from the Venus chamber, these results
demonstrate the viability of the material platform, including the Ohmic contact stack, for use

in high temperature and space applications.

e Raised the technology readiness level (TRL) of GaN-based sensors by demonstrating their
functionality on space systems. We demonstrated the viability of GaN-based Hall-effect sensors
in a Venus-analogue environment and on a CubeSat in space. Additionally, we characterized
the responsivity of AlGaN/GaN UV photodetectors up to 250°C and demonstrated the use of

this device for combustion monitoring on a hybrid rocket motor.

1.5 Thesis Overview

e Chapter 2 lays the technical foundation for the reader to understand the details and results
presented in the subsequent chapters. This chapter first discusses the applications and oper-
ational principles of Hall-effect sensors and UV photodetectors. We then review the possible
high-temperature degradation modes of AlGaN/GaN and InAIN/GaN-based sensors.

e Chapter 3 describes the design, fabrication, and testing of Hall-effect sensors with varying
geometries. In particular, this chapter discusses how changing the length of the Ohmic contacts

affects the sensitivity and noise behavior of the device.
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e Chapter 4 examines the behavior of the GaN-based Hall-effect sensors under extreme temper-
atures and a Venus-analogue environment, and the implications of the results for the material

platform.

e Chapter 5 covers the characterization of AlGaN/GaN photodetectors in high temperature
environments and the mechanisms driving their changing performance characteristics. This is
followed by a discussion of two experiments that demonstrated the use of UV photodetectors

for combustion monitoring in hybrid rocket motors.

e Chapter 6 provides conclusions and proposed next steps to further the work on sensors for

extreme environments.



Chapter 2

Background

2.1 Magnetic Field Sensors

The magnetic field sensing industry had a market value in 2016 of $1.64 billion, which is expected
to increase to $2.52 billion by 2022 [36]. There are many different technologies that can be used to
measure magnetic fields, which span a huge range of costs, sizes, operating principles, and application
spaces. A selection of magnetic field sensing technologies is discussed here, and a subset of these is

summarized in Fig. 2.1.

SQUID Magnetometer

SQUID (superconducting quantum interference device) magnetometers rely on the principle of su-
perconductivity — at extremely cold temperatures, the electrical resistance of certain materials drops
to nearly zero. Additionally, magnetic flux lines cannot exist within a superconducting region. Thus,
if a ring-shaped superconducting material is in a magnetic field and then cooled to below its transi-
tion temperature, the flux inside the ring gets trapped. When the magnetic field is removed, there
is current induced around the ring to keep the flux on the inside of the ring constant; this current
does not decay because the material has no electrical resistance. Finally, if the loop of supercon-
ducting wire is interrupted by a small resistive region (Josephson junction), electrons will tunnel
across from one superconducting region to the other, according to the Josephson effect [37]. There is
a measurable voltage drop across the junction, with the period of voltage variation changing with a
resolution of a single flux quantum [38]. Thus, SQUID magnetometers are among the most sensitive
and lowest-noise of all magnetic sensing technologies [39], leading them to be used for high-precision
geophysics and medical applications (e.g., neuromagnetism, magnetocardiography, liver magnetic
susceptibility) [37]. A major drawback of these sensors, however, is that they require cryogenic

temperatures to operate, leading to strict packaging requirements, larger sizes, and high costs.
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Figure 2.1: A comparison of a selection of magnetic field sensing technologies, where red, yellow,
and green cells indicate increasingly desirable properties.

Proton Precession Magnetomter

Another type of extremely high-accuracy magnetic field sensor is the proton precession magnetome-
ter. In this system, a proton-rich fluid such as hydrogene or kerosene sits in a tube around which
a magnetic field is generated. The protons in the fluid align themselves with this field, and then
when the magnetic field is removed they realign themselves with the ambient field. The realignment
process does not happen instantly; rather, the protons precess at a frequency that is proportional
to the ambient field, thus producing a rotating magnetic field that is picked up by an inductor and
subsequently amplified [39]. Although the proton precession magnetometer has a low sample rate,
large size, and high power consumption, it finds use in applications that require high sensitivity
and are not size-constrained, such as archaeology, mineral exploration, and surveys of unexploded

ordinance [40].

Optically Pumped Magnetometer

A third type of high-sensitivity sensor, also used in archaeology and geophysics, is an optically
pumped magnetometer, which includes caesium vapour and potassium vapour magnetometers. In
this type of system, there is a chamber containing an alkali-metal vapor between a laser and a
photodiode. The laser beam is used to “optically pump” the atoms; after being hit by a photon,
the atom is excited to a higher energy state, emits a photon, and falls to a lower energy state that
is transparent to photons. Thus, light can completely pass through the optically pumped vapor

and be detected by the photodiode. An external magnetic field causes the atoms to jump into
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different polarization states, making the vapor no longer fully optically pumped. This variation
in polarization changes the transparency of the vapor to the laser, and thus the output of the

photodiode is proportional to the magnetic field strength [41].

Fluxgate Magnetometer

The type of magnetic field sensor most commonly used to measure the Earth’s (and other planetary
bodies’) magnetic field is the fluxgate magnetometer. It is composed of a magnetically susceptible
core wrapped by two coils of wire, wound in different directions. An alternating current passes
through one of the coils, magnetizing, un-magnetizing, and inversely magnetizing the core, which
in turn generates a current in the second coil that is read by a detector. In the absence of an
external magnetic field the input and output currents match. However, when there is a magnetic
field present, the core becomes more easily magnetized in one direction (the direction of the external
magnetic field) than in the other. Therefore the current in the second coil varies proportionally to the
external field. In addition to space applications, fluxgate magnetometers are often used in vehicle
(e.g., submarine) detection, archaeology, and drilling because of its trade-off between sensitivity,

stability, power consumption, and size [39, 42].

Search Coil (Inductive) Magnetomter

Search coil, or inductive, magnetometers are also commonly used in outer space, but because they
only measure AC fields they are often used to measure electromagnetic waves in space plasmas.
Their frequency range, sensitivity, size, mass, and power consumption make them suitable for this
application [43]. Like the fluxgate magnetometer, the search coil magnetometer has a coil wound
around a core of high magnetic permeability. In this case, there is no current sent through the coil;
rather, when placed in a changing external magnetic field, the core concentrates the magnetic flux
fluctuations inside the coils. According to Faraday’s Law, a changing magnetic flux in a coil induces

a voltage in the coil, and this voltage can be amplified and measured [39].

Magnetoresistive Devices

Magnetoresistive devices are one of the most widely used type of magnetic field sensors because
they are cheap and have low power consumption. Magnetoresistance relies on the fact that the
electrical resistance of particular materials changes in the presence of a magnetic field. Ordinary
magnetoresistance (OMR) refers to this effect occurring in nonmagnetic metals, where the change
in resistivity will be positive for both parallel and transverse magnetic fields. In anisotropic mag-
netoresistive (AMR) devices, a ferromagnetic strip is magnetized in a preferred direction during
the fabrication process. This causes the change in resistivity to depend on the orientation of the

magnetic field [44]. To increase the magnitude of the effect, giant magnetoresistive (GMR) devices
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include alternating layers of ferromagnetic and non-magnetic materials. When no external mag-
netic field is present, half of the ferromagnetic layers will be oriented in one direction and half in the
other. As the external magnetic field is increased, the orientation of the ferromagnetic layers lines up
with the field, reducing the electrical resistance due to decreased scattering [45]. Finally, tunneling
magnetoresistance (TMR) occurs when two ferromagnetic layers are separated by an insulating thin
film of ~1 nm, through which electrons are able to tunnel. In this case, one of the ferromagnetic
layers can be “pinned” to have a specific magnetic orientation, while the other layer will change
orientation depending on the external magnetic field. When both layers are oriented in the same
direction, more electrons are able to tunnel so the measured tunneling current will be large, whereas
when the layers are oriented in opposite directions the tunneling current will be much smaller [46].

Magnetoresistive devices are often used in compasses and hard drives and for position sensing [39].

MEMS Magnetometers

Magnetometers that detect magnetic field based on motion (like a compass) have existed for a long
time, but recently this same principle has been applied in the development of microelectromechan-
ical systems (MEMS) magnetometers. An example of this type of device detects the motion of a
miniature bar magnet, built by the electrodeposition of a permanent magnetic material. The bar
lies perpendicular to a torsion beam about which it can rotate. The amount of rotation, and thus
tip deflection, is proportional to the external magnetic field [47]. While these sensors have a small
size, low power consumption, and the potential for IC compatibility, they are often very difficult to
fabrication [39].

2.1.1 Hall-Effect Sensors

Magnetic field sensors based on the Hall effect are advantageous over other magnetic field sensing
technologies because they are low-cost, easy to integrate with other circuit components, and linear
over a wide range of magnetic fields [48]. These factors contribute to their widespread use in the
automotive industry (e.g., valve positions, gear rotation speed, fuel tank level, seat-belt buckle
clamping, heading determination, steering wheel angle), in power electronics for current sensing
and anomaly detection, and within inertial measurement units (IMUs) for navigation and position
sensing. In 2016, Hall-effect sensors comprised 71% of the market share of magnetic field sensing
technologies worldwide (Fig. 2.2) [36].

Hall-effect sensors are used extensively to monitor the speed and position of rotating parts,
particularly in brushless DC motors. In these motors, a current is sent through coils wrapped around
the stator in an alternating fashion, thus generating alternating magnetic fields. The permanent
magnet in the center rotates as it is attracted and repelled by the fields generated by the stator

(Fig. 2.3). For many applications, it is essential to have accurate measurements of the position
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Figure 2.2: Worldwide market breakdown of magnetic field sensing technologies in 2016 [36].

and velocity of the rotor to feed back into the system; therefore, Hall-effect sensors (usually at least
three) are integrated into the motor to determine its position and speed.

Applications of Hall-effect sensors within the space sector include current monitoring in hybrid
rocket motors, power modules, and spacecraft motor control units [49, 50]. Additionally, their use
for speed and position sensing of rotating parts have led them to be integrated into the robotic
arm on the Mars rover (for improving accuracy of arm position for drilling), the wheels of the lunar
roving vehicle, and reaction wheels in multiple satellites. A reaction wheel is a flywheel used by a
satellite for attitude control. The orientation of the satellite can by adjusted by a slight change in

the direction or speed of spinning of the reaction wheel — due to conservation of momentum, the

Stator Stator Stator

Figure 2.3: Operation of a brushless DC motor (BLDC).
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Figure 2.4: Operating principle of Hall-effect sensor. Reprinted from [73] with the permission of
AIP Publishing.

orientation of the satellite will change accordingly. In space, Hall-effect sensors may endure a wide
range of temperatures and harsh conditions that would not be experienced in terrestrial applications.
Additionally, it currently costs about $10,000 to launch one pound of payload into space [51]; thus,
there is a need for robust sensors that can operate at high temperatures without bulky and complex

external cooling and shielding mechanisms.

Principle of Operation

Hall-effect sensors are devices with four terminals where current is applied across two of them and
voltage is measured across the other two. In the presence of a magnetic field perpendicular to the
otherwise straight path of the current, the moving electrons experience a force (the Lorentz force),
which bends their path. The bending of the path of the electrons results in an accumulation of
charges; it is measured perpendicular to both the applied current (I) and the external magnetic field
(B), and is known as the Hall voltage (V). The Hall voltage is defined as:

- IBT‘nGH

qns

Vi (2.1)
where 7, is the scattering factor of the material (~1.1 for GaN) [52], G is the shape factor, ¢ is the
electronic charge, and n; is the sheet electron density. A schematic showing the operating principle
of a Hall-effect sensor is in Fig. 2.4.

The shape factor, G, accounts for the reduction in Hall voltage and change in linearity due to
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Figure 2.5: Illustration of effective number of squares ((L/W)csy).

the short-circuiting effect of having finite contacts [53, 54, 55]. For Hall-effect plates with four-fold
rotational symmetry at low magnetic fields, Gy depends only on the geometry of the Hall-effect plate
and the contacts. The magnetic field may be considered low if its magnitude multiplied by the Hall
mobility is much less than unity [56], as is the case throughout this work. Under these conditions,

Gp can be approximately written as a function of the effective number of squares (L/W).s; [57];

GH - (%ﬁff (2_2)

L4 (%)iff 4
(FWess + =2+

The effective number of squares, (L/W)sy, is defined as the ratio of the internal resistance over
the sheet resistance. Multiple devices of the same material but different shapes should all have the
same sheet resistance (Rs;) but may have different internal resistances (R;;), as shown in Fig. 2.5.

The expression given in Eq. 2.2 is exact when (L/W).;s = /2, and has an error of up to 2%
for the geometries studied here [56]. The error can be reduced by over two orders of magnitude by

multiplying the previously calculated Gy by the following factor:

1+ A x e(—2.279—(1.394><A)2+(0.6699><A)4—(0.4543><A)E') (2.3)

where A = In ( (%\/)gf L), further described in [56].

Sensitivity

The sensitivity of a sensor is defined as the output divided by the input; thus, in the case of
a Hall-effect sensor, the absolute sensitivity is the Hall voltage (output) divided by the external
magnetic field (input). From the Hall voltage equation, it is clear that the Hall voltage also increases
proportionally to the applied current (or voltage). To make the sensitivity independent of this
additional applied parameter, the sensitivity can be scaled by the applied current (I) or applied
voltage (V).

The sensitivity of a Hall-effect device scaled by supply current (5;) is proportional to Gy and
inversely proportional to ng;
Ve oy

= "Gy (2.4)

Si=-—=
IB  qng

The sensitivity scaled supply voltage (S,) is proportional to both Gg/(L/W).ss and the Hall
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Figure 2.6: Sensor offset.

mobility of the electrons pp;

VH TnGH GH
Sy, = = = n 2.5
VsB Rgn pt (%)eff (2:5)

where R is device resistance. Equations 2.4 and 2.5 show that high Hall mobility is necessary for

high voltage-related sensitivity and low sheet density is needed for a high current-related sensitivity.

Offset

In addition to high sensitivity, another desirable parameter in a Hall-effect device is low offset. From
the Hall voltage equation, it would seem that when the external magnetic field (B) was 0, the Hall
voltage would also be 0; however this is not actually the case. The offset voltage is defined as the
Hall voltage measured in the absence of a magnetic field (Fig. 2.6).

Offset voltages are usually caused by mechanical stress, thermal gradients, geometrical errors,
defects, and other irregularities within the device [58, 59]. Implementing current-spinning has been
shown to reduce the offset voltage by a factor of over 1000 [60, 61]. In this method, the direction
and polarity of the sourcing and sensing contacts are swapped, resulting in eight total configurations
(phases) in which the Hall voltage is measured. The last four phases are identical to the first four
phases, but the polarity of the voltage measurement is swapped in order to cancel out multimeter
error. The first four phases are depicted in figure 2.7. Due to the measurement configurations (shown
in Table 2.1, where the four contacts are labeled N, W, S, E corresponding to their location on the

Hall plate), four of the Hall voltages are positive and four are negative. When these Hall voltages
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are added together a large portion of the raw offset is canceled out, as shown in Figure 2.8.

Phase 1 Phase 2
+ 1
Phase 3 Phase 4

Figure 2.7: Four phases of current spinning.

The magnetic field offset (B,ys¢) is calculated, using the Hall voltage after current-spinning, as

Vi

—_—. 2.
Vo x 5. (2.6)

Boyy =

Even after implementing current spinning, small offsets still remain in the Hall-effect sensor measure-
ments; this is known as the “residual offset”. Since spinning cancels out linear and non-directional
offsets, residual offsets are generated by nonlinear or directional sources that may be external or in-
ternal to the sensor itself. External sources include stray fields in the test setup or packaging. These
can be caused by poor shielding from the Earth’s magnetic field, magnetization of test boards, or
magnetic fields generated by the current-carrying wirebonds. Other external sources of offset include
noise in the measurement equipment and mechanical stress on the sensor [62].

A major internal source of offset is dynamic resistance asymmetry, which is caused by the for-
mation of a p-n junction (and thus, depletion region) between the substrate and the active device
layer. During operation of the sensor, a reverse bias will form and limit the conduction path, which

results in an asymmetric resistance in the device (Fig. 2.9a) [63]. This asymmetry varies with supply
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Figure 2.8: Absolute values of the offset voltages of individual phases (colored lines) and the resulting
offset when all phases are added (black line) as a function of bias current, for octagonal InAIN/GaN
device with equal sides and an internal resistance of 431 £ 2 . (© 2019 IEEE.

current or voltage and will not be fully canceled by current spinning. Another source of internal
offset is thermal gradients caused by Joule heating, which induces a voltage via the Seebeck effect.
Joule heating is the process by which energy from a flowing current is converted into heat. This
results in thermal gradients in the device, which in turn generate a thermoelectric voltage that do
not fully cancel during current spinning due to their asymmetric nature. Other internal sources of
offset include self-magnetic fields (a small magnetic field is generated due to current flowing across

the device) and nonlinear or asymmetric contacts due to microfabrication error [62].

Phase # | I+ | I- [ V+ [ V- | Hall Signal
1 EJW[NTS +
2 N|[S|WIE +
3 WIE[ S [N +
4 S[N[E W +
5 E|[W|S [N -
6 N|S|E|W -
7 WI[E[ NS -
8 S[N[WIE -

Table 2.1: Current-spinning measurement phases. © 2019 IEEE.
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Figure 2.9: (a) Restricted conduction path due to formation of a reverse bias during operation in
Si Hall-effect sensor. (b) GaN Hall-effect sensor with carriers confined in the 2DEG, reducing the
effect of resistive asymmetries that result in offset. (©) 2020 IEEE.

GalN Hall-Effect Sensors

Silicon-based Hall-effect sensors are standard in the electronics industry. However, the limitations of
silicon described in Section 1.3 make it less than ideal as a material platform for Hall-effect sensors
that may experience harsh environmental conditions. In particular, silicon Hall-effect sensors rely
on having doped regions, but at temperatures above ~200-300°C, the intrinsic carrier concentration
nears the dopant concentrations. Other materials currently used for commercial off-the-shelf (COTS)
Hall-effect sensors include gallium arsenide (GaAs), indium arsenide (InAs), and indium antimonide
(InSb); these semiconductors have extremely high electron mobilities (~8000 to 80,000 cm?/V-) and
thus have higher sensitivity values than silicon sensors. While sensors made from these materials
have extremely high sensitivities at room temperature and low temperatures, their narrow band
gaps (0.17 to 1.4 eV) hinder their functionality at high temperature. Thus, they cannot be used in
the extreme thermal environments found in space.

Alternatively, GaN-based Hall-effect sensors have shown room temperature sensitivity and offset
characteristics similar to those of silicon Hall-effect sensors [64, 65, 66, 67, 68, 59, 54, 69], but also
reliable operation up to 400°C [50, 70, 71, 15, 72] and beyond [73]. Further, 2DEG-based Hall-effect
sensors have the potential for lower magnetic field offsets than silicon-based devices [74, 75, 76].
Offset caused by the resistive asymmetries, as described in Section 2.1.1, can be quite large in
junction isolated silicon-based Hall-effect sensors [77], while 2DEG-based Hall-effect plates do not
face this limitation (Fig. 2.9b).
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2.2 Ultraviolet Photodetectors

Ultraviolet (UV) photodetectors are used for chemical analysis in environmental applications, optical
communication between satellites, UV astronomy, flame detection for fire alarms, and combustion
monitoring [78, 79]. The parameters that determine photodetector performance include signal-to-
noise ratio, response time, dark current (the output from the sensor when there is no light shining
on it), and responsivity [79, 80], among others. The responsivity (R) of a photodetector is analogous
to the sensitivity of any arbitary sensor: it is the ratio of the photocurrent, Ippoto, (With the dark

current, Ik, subtracted off) to the incident optical power (P,p;):

R— Iphoto - Idm‘k ) (2.7)
Popt
It is desirable to have a low dark current both to improve the responsivity of the photodetector as

well as to minimize its quiescent power. A parameter that incorporates both of these metric is the
normalized photocurrent-to-dark current ratio (NPDR) [81, 82, 83],

R

NPDR = .
[dark:

(2.8)

Another important metric is the UV-to-visible rejection ratio, which describes the cross-sensitivity
of the detector to visible light. A high UV-to-visible rejection ratio ensures that the majority of the

output signal measured is in response to UV light as opposed to light at other wavelengths.

2.2.1 Operation of AlGaN/GaN Photodector

A standard metal-semiconductor-metal (MSM) photodetector consists of two metallic electrodes on
a semicondcutor material, forming Schottky contacts (band diagram shown in Fig. 2.10a). When
voltage is applied across the electrodes, thermal generation of electron-hole pairs causes a small
current (I4q.1) to flow, as electrons drift towards the positive electrode and holes drift towards the
negative electrode. When light shines on the device, photogeneration causes a significant increase
in electron-hole pair generation, and thus a much larger current (Ipnoto) flows. The magnitude of
the photocurrent scales with the intensity of the light [84, 85].

In an AlGaN/GaN photodetector, AlGaN electrodes are grown atop a GaN substrate; therefore,
a 2DEG is present at each electrode (Fig. 2.10b). Similar to the MSM photodetector, there is a small
dark current when no light is applied, due to thermal generation of electron-hole pairs. However,
when light shines on the device and more electron-hole pairs are generated, the AlGaN barrier keeps
the holes from escaping, and as a result they accumulate at the interface. This accumulation lowers
the barrier that the electrons in the 2DEG must overcome to generate a current, so the electrons

require less energy to escape from the 2DEG well; thus a very high current flows [83].
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Figure 2.10: Band diagrams and operation principle of (a) MSM photodetectors and (b) AlGaN/GaN
photodetectors. Reprinted (adapted) with permission from P. F. Satterthwaite, A. S. Yalamarthy, N.
A. Scandrette, A. K. M. Newaz, and D. G. Senesky. High responsivity, low dark current ultraviolet
photodetectors based on two-dimensional electron gas interdigitated transducers. ACS Photonics,
5(11):4277-4282, 2018. Copyright 2018 American Chemical Society.

Many photodetector designs utilize interdigitated electrodes to improve response time and respon-
sivity, as decreasing the distance between adjacent electrodes allows the electrons in the conduction
band to be collected by the electrode before recombining [86, 87]. A diagram depicting the operation
of an interdigitated AlGaN/GaN photodetector is shown in Fig. 2.11.

Quantum Efficiency

The quantum efficiency (QE) of a photodetector measures that ability of the device to convert
light energy into electrical current. It is defined as the ratio of the number of charges that jump
into the conduction band and flow as current, to the number of photons that are incident on the
surface of the device. The quantum efficiency may be limited by (1) fast recombination between the
generated electron-hole pairs before they can be collected by the electrodes, and (2) incident light
being reflected, rather than absorbed, at the surface of the device [88, 84]. While some photodetector
architectures (e.g., photoconductors [89], phototransistors [90]) are conducive to quantum efficiencies
well above 100% due to their internal gain mechanisms, MSM photodetectors tend to be limited.
Despite their lower QEs, MSM photodetectors are still preferred in some applications because of
their fabrication simplicity, low cost, high speed operation ability, and potential to be co-fabricated
or monolithic integration with transistors and other circuit components [84]. The AlGaN/GaN
photodetector described in this thesis has many of the same advantages as MSM photodetectors
without compromising its extremely high quantum efficiency due to the internal gain mechanism
described above [83].
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GaN

Figure 2.11: Diagram showing operation of interdigitated AlGaN/GaN photodetector.

2.2.2 Optical Temperature Measurements Using Photodetectors

One use of photodetectors is for combustion monitoring and flame temperature sensing. Optical
measurement of flame temperature is typically done using two photodetectors whose spectral re-
sponsivities peak at different wavelengths [91]. The ratio of the emission intensities measured by
the two photodetectors changes with flame temperature, with the key advantage being that this
measurement is not affected by the area of the emitting source. Flame temperature sensors in liter-
ature accomplish this dual-spectrum response using a variety of strategies: filtering one half of the
photodetector to block certain wavelengths while leaving the other half unfiltered [92, 93], varying
the alloy content in photodetectors made with heterostructure materials to change the absorptivity
and wavelength of peak responsivity [94], or using two separate photodetectors altogether that have
different optical properties [95]. Integrating photodetectors into systems for combustion monitoring
or flame temperature sensing may expose them to harsh conditions such as high temperatures, and

thus robust photodetectors are desirable.
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2.3 High-Temperature Degradation of GaN Sensors

GaN-based devices have shown to be robust in various harsh environments, but may still experi-
ence degradation when exposed to high temperatures for long periods of time. Three mechanisms
that limit the reliability of GaN Hall-effect sensors at high temperatures are a decline in mobility,

permanent change in 2DEG sheet density, and degradation of the Ohmic contacts.

2.3.1 Mobility

Mobility characterizes how quickly a carrier can move through a material in the presence of an electric
field. The electron mobility in the 2DEG is limited by scattering, a process by which the carrier’s
direction or energy is changed due to collisions. There are many different scattering mechanisms,

the most important of which are summarized below.

e Coulomb scattering includes scattering due to ionized impurities, dopants, or interface
charges. Ionized impurity scattering plays a large role in limiting the mobility of heavily
doped semiconductors, because the charge of the donors and/or acceptors causes approaching
carriers to be deflected. In GaN-based heterostructures, the main contributor to this type
of scattering is residual ionized impurities in the GaN layer [96], and it tends to be more

important at low temperatures [97].

e Phonon scattering includes deformation potential acoustic phonon scattering, piezoelectric
acoustic phonon scattering, and polar optical phonon scattering [96, 98]. Phonons are pack-
ets of energy associated with the vibration of atoms at any temperature above absolute zero.
Acoustic phonons are due to two atoms in a unit cell vibrating in the same direction. Deforma-
tion potential acoustic phonons are associated with small changes of the crystal potential due
to atomic displacements, while piezoelectric acoustic phonons are related to the polarization
of crystals under applied strain [99]. Optical phonons, in contrast, are associated with two
atoms in a unit cell vibrating in opposite directions. Acoustic phonons have a lower energy
than optical phonons; thus acoustic phonon scattering is more prevalent at room temperature,

while optical phonon scattering tends to prevail at higher temperatures [97, 100, 99].

e Alloy disorder scattering occurs when electrons from the 2DEG penetrate into the AlGaN
alloy and is highly dependent on 2DEG sheet density [96]. Adding an AIN interlayer between
the AlGaN and the GaN can increase the mobility of the heterostructure by reducing the
penetration of electrons into the AlGaN layer [98].

e Interface roughness scattering occurs due to roughness between the AlGaN and GaN
layers. Significant interface roughness can be induced by strain relaxation, thus contributing

more to scattering at higher temperatures [98].
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Figure 2.12: Contribution of various scattering mechanisms to total carrier mobility in Al-
GaN/GaN 2DEG. Reprinted from “S. Birner. Mobility in two-dimensional electron gases (2DEGs).
www.nextnano.de/nextnano3/tutorial/1Dtutorial 2DEGmobility.htm.”

The 2DEG sheet density plays a role in mobility due to its effect on different scattering mech-
anisms. Alloy disorder scattering and interface roughness scattering increase with 2DEG sheet
density because the electrons can penetrate deeper into the AlGaN barrier [101]. On the other
hand, the electrons in the 2DEG can screen the effects of optical phonon scattering and ionized
impurity scattering, so these tend to decrease with increasing 2DEG sheet density [102]. Addition-
ally, while some scattering mechanisms (e.g., residual impurity scattering) are largely unaffected by
temperature, others, like optical phonon scattering and interface roughness scattering, have strong
temperature dependencies [96, 103, 104]. Thus, the mobility of the 2DEG decreases dramatically
with temperature (Fig. 2.12).

AlGaN/GaN has shown to have an electron mobility at room temperature of ~1500 to 2500
ecm?/V-s, but this diminishes with temperature, eventually decreasing by a factor of 4 to 8 at 300°C
[15, 33, 105, 106]. InAIN/GaN has a slightly lower electron mobility at room temperature of ~1000
to 1500 cm?/V-s [107, 108, 109], likely due to greater alloy disorder scattering in InAIN than in
AlGaN [110, 111, 112]. Fewer comprehensive studies of its mobility at high temperature have been
conducted, but its mobility tends to decrease by a factor of 2 to 4 from room temperature to beyond
300°C [112, 108].
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2.3.2 2DEG Sheet Density

The 2DEG in AlGaN/GaN devices is, in large part, formed by the piezoelectric polarization that
arises from the strain induced by lattice mismatch between the AlGaN and GaN layers. At high
temperatures, AlGaN/GaN devices may experience strain relazation, a process by which tensile
strain energy builds up at the interface and causes defects, relieving some of the strain [113]. Strain
relaxation leads to a decrease in the piezoelectric polarization, causing a decrease in 2DEG sheet
density. It also results in dislocation motion and defects at the interface which negatively affect the
mobility, as this upsurge in defects increases the scattering of electrons [114, 115, 116].

Various studies in the literature have investigated the effects of high temperature on mobility and
2DEG sheet density of AlGaN/GaN devices; however, fewer studies have focused on InAIN/GaN
structures. Feng et al. (2004) studied how the mobility and sheet density of devices with and without
silicon nitride (SiN) passivation layers changed over the course of a 170-hour exposure to 500°C in a
nitrogen atmosphere [116]. They found that the unpassivated devices showed a significant decrease
in mobility and 2DEG sheet density due to strain relaxation. A higher degree of strain relaxation
was observed in structures with a thicker AlGaN layer, continuing to increase as the thickness
approaches the critical thickness. The passivated structures showed significantly less 2DEG and
mobility degradation, leading the authors to conclude that SiN passivation improves the thermal
stability of AlGaN/GaN devices. In a follow-up study, the authors found that the addition of a GaN
cap on the top of structure also suppressed some of the strain relaxation through dislocation pinning
(requiring more energy to initiate dislocation motion) [115]. This further reduces the scattering,
mitigating some of the negative effects on 2DEG sheet density and mobility.

Chen et al. also studied strain relaxation in AlGaN/GaN heterostructures between room tem-
perature and 526°C. For unpassivated devices, they saw a temperature-dependent strain relaxation
beginning at 250°C, which is when the strain energy density has increased enough to change the
defect concentration and cause crack formation and extension [114]. The passivated devices, in
contrast, showed an increasing 2DEG sheet density as the temperature increased from room tem-
perature to 236°C, as the initial increase in strain enhanced the piezoelectric polarization of the
structure. Past a critical temperature, however, the sheet density began to rapidly decrease, once
again due to sufficient strain energy to cause dislocation motion, an increasing defect concentration,
and crack propagation. For the unpassivated devices, a thinner AlGaN layer resulted in less strain
relaxation. Ultimately, over the whole temperature range, the strain relaxation increased by about
10% and 33% for the unpassivated and passivated samples, resulting in decreases in 2DEG sheet
density of about 4% and 16% respectively. An earlier paper from the same group just looked at two
unpassivated devices with AlGaN layer thicknesses of 50 nm and 100 nm [117]. Their finding was
that the strain relaxation increased by 12% and 15% over the temperature range (room temperature
to 526°C) for the thin and thick samples, with a corresponding reduction of 2DEG sheet density of
5% and 6% respectively.
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Finally, in a more recent study by Hou et al. (2017), the authors annealed passivated and
unpassivated AlGaN/GaN devices in argon and in air for 5 hours at 600°C [118]. They found
that the passivated devices showed less 2DEG degradation than the passivated devices; just within
the first hour, the passivated devices were already exhibiting strain relaxation due to high tensile
stress exerted by the passivation layer, while the unpassivated devices remained stable. Over the
subsequent 4 hours, the unpassivated structures annealed in air showed less strain relaxation than
those annealed in argon. This behavior is explained by the fact that oxidation reactions can aid in
crack healing [119, 120], and the devices exposed to air had a significantly higher oxygen content than
those exposed to argon. Thus, after small cracks developed in both sets of devices induced by strain,
the structures exposed to air were more readily healed due to oxidation reactions. Additionally, the
surface oxide layer that formed on the samples annealed in air may have helped mitigate the strain
relaxation by acting as a dislocation pinning layer, further suppressing crystal glide [118].

Because the 2DEG in InAIN/GaN devices is formed solely by spontaneous polarization, rather
than a combination of that and piezoelectric polarization, strain relaxation should have less of an
effect. In one high temperature study of InAIN/GaN, Xue et al. showed that the 2DEG sheet density
decreased only slightly between room temperature and 350°C (from 1.6x10'3 to ~1.5x1013).

An observant reader may notice that current-scaled sensitivity of a Hall-effect sensor is inversely
proportional to 2DEG sheet density, and thus for this metric a lower sheet density is desirable.
However, there are two main reasons that a decrease in 2DEG sheet density via strain relaxation is

problematic:

1. Strain relaxation has a permanent effect on 2DEG sheet density and thus current-scaled sen-
sitivity. While the scattering effects at high temperature do substantially decrease mobility,
these effects are reversible. Therefore, the device can be calibrated to account for scattering
effects at high temperature. Permanent changes to the device through strain relaxation make

it difficult to calibrate a device for use in real-world applications.

2. A reduction in 2DEG sheet density leads to an increase in the resistance of the device. Oper-
ating a Hall-effect sensor with higher supply current results in a stronger output Hall voltage
from sensor, which is generally desirable in sensor measurements. However, a higher resis-
tance device requires more power to achieve the same supply current, given the relationship
between power (P), current (I), and resistance (R): P = I?R. Degradation of the 2DEG
results in a need for higher power operation of the device. Additionally, higher operating
power contributes to increased self-heating and thermal gradients, which induces a voltage
(from the Seebeck effect). As mentioned in section 2.1.1, this Seebeck voltage may be a major

contributor to device offset.
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2.3.3 Ohmic Contacts

Ohmic contacts are junctions between the semiconductor and metal that have linear current-voltage
(I-V) characteristics. High contact resistance can lead to sub-optimal device performance; fabricating
devices with low contact resistance is necessary to attain high current density, high sensitivity, and

low Joule heating loss, especially at high temperatures [121, 122].

Formation of Ohmic Contacts to GalN

GaN’s wide bandgap of 3.4 eV makes it difficult substrate on which to form contacts with low
resistance [121]. Currently, Ohmic contacts to GaN tend to be made from a stack of metals in
the following order from bottom to top: titanium (Ti); aluminum (Al); a blocking metals such as
Ti, molybdenum (Mo), nickel (Ni), tantalum (Ta), or platinum (Pt); gold (Au). The metal stack
generally undergoes a high temperature rapid thermal anneal (RTA). This results in the Ti extracting
N from the GaN, which leaves behind N vacancies and allows for the formation of TiN, an alloy with
a low work function [123, 124, 125]. The contact stack before and after thermal annealing is depicted
in Fig. 2.13, while the atomic concetration of the various components is shown in Fig. 2.14 [126].
The high density of N vacancies creates donor states near the interface, essentially resulting in highly
doped n-GaN [122]. If the n-GaN is heavily doped enough, there will be significant band bending at
the metal/semiconductor (M/S) interface, creating a very thin region through which electrons can
tunnel unhindered [127]. Another consequence of the heavy doping is a lowering of the conduction
band, thus reducing the effective M /S barrier height and allowing for increased thermionic emission,
further lowering the contact resistance. Ti is also often chosen for the bottom layer because it
provides good adhesion to GaN [125]. Like the Ti layer, the Al layer serves to extract N from the
GaN to form alloys. Al is also able to form an intermetallic compound with Ti, which keeps the Ti
from diffusing down into the contact surface [127].

The blocking metal/Au sequence on top of the Ti/Al may further increase the outdiffusion of N
to enhance the n-GaN doping, but more importantly, the Au prevents oxidation of the Al and Ti.
The blocking metal between the Al and Au is needed to reduce both the diffusion of Au down into
the contact stack and the out-diffusion of Al and Ti [123, 128, 129]. The choice of the blocking metal

can have a large effect on the surface morphology and resistance of the Ohmic contact [122, 130].

Oxidation

One mechanism through which contacts may degrade at high temperatures is oxidation of Al, which
leads to increase in contact resistance [131, 124]. The Au top layer and the metallic blocking layer
serve to reduce this effect; Lee et al. (2000) found that Pt was effective in preventing significant
oxidation [129]. Images of Ti/Al/Mo/Au contacts before and after thermal storage at 850°C for 5

hours are shown in Fig. 2.15, where the discoloration after the thermal storage is due to oxidation
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Figure 2.13: Diagram of Ohmic contact layers on GaN before and after rapid thermal anneal.
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Figure 2.14: Auger electron spectroscopy (AES) atomic concentration depth profiles of rapid ther-
mally annealed Ti/Al/Pt/Au Ohmic contacts. Reprinted from “M. Hou and D. G. Senesky. Oper-
ation of ohmic Ti/Al/Pt/Au multilayer contacts to GaN at 600°C in air. Applied Physics Letters,
105(8):081905, 2014.” with the permission of AIP Publishing.
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Figure 2.15: Images of Ti/Al/Mo/Au contacts (a) before and (b) after thermal storage at 850°C
for 5 hours. Adapted with permission from Springer Nature Customer Service Centre GmbH: D.
Selvanathan, L. Zhou, V. Kumar, I. Adesida, and N. Finnegan. Long-term thermal stability of
Ti/Al/Mo/Au ohmic contacts on n-GaN. J. of Elec. Mater., 32:335-340, (©2003.

of the contact surface.

Metal Diffusion

Another prominent degradation mode of Ohmic contacts is interdiffusion of the various metals in
the contact stack. In a 2003 study on the long-term thermal stability of Ti/Al/Mo/Au contacts at
high temperature, Selvanathan et al. found that the Au and Mo diffused down to the GaN interface
over the course of the high temperature exposure [132]. Metals with high work functions diffusing
down to the surface of the GaN hinders the flow of electrons through the contact, thus increasing the
contact resistance. The downward diffusion of Au and subsequent formation of Au-rich intermetallic
compounds can lead to voids at the surface of the contact as well as large grains that may crack
the passivation layer [133]. In addition to in-diffusion of metals, the out-diffusion of Ga into the
metal stacks was also seen by Piazza et al. at high temperatures [133]. Finally, the intermixing of
Al and Au (purple plague) also leads to a bumpy surface morphology and higher contact resistance
[130, 122]. Fig. 2.16 shows the results of metal interdiffusion in Ti/Al/Ni/Au contacts after thermal
exposure at 340°C for 2000 hours; some areas are Ga-rich and some are Au-rich, and voids can be

seen in the Au-depleted zones.

Electromigration

Unlike oxidation and metal diffusion, which may happen at high temperature regardless of whether
or not the device is biased with current or voltage, electromigration only occurs when a device is
being operated. Electromigration is due to the momentum of moving electrons being transferred to
metal ions, knocking the ions out of their original lattice positions. Operating a device with higher
current density increases the number of electrons available to collide with the ions, thus increasing
the rate and magnitude of electromigration. Electromigration results in directional diffusion, causing

the formation of voids and hillocks. Electromigration is exacerbated at high temperatures because
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Figure 2.16: Images of Ti/Al/Ni/Au contacts after thermal exposure at 340°C for 2000 hours. The
gray areas are Ga-rich and the white areas Au-rich. Reprinted from “M. Piazza, C. Dua, M. Oualli,
E. Morvan, D. Carisetti, and F. Wyczisk. Degradation of TiAINiAu as ohmic contact metal for GaN
HEMTSs. Microelectronics Reliability, 49(9):1222-1225, (©2009.” with permission from Elsevier.

(1) there is increased electron scattering and (2) there is an increased rate of diffusion [134]. Kuzmik
et al. (2004) saw the appearance of dark spots on the negatively biased Ti/Al/Ni/Au contact
on an AlGaN/GaN HEMT, which they attributed to electromigration [135]. Similarly, Dietrich
et al. (2003) report on electromigration of the metallization, especially gold, in AlGaN/GaN RF-
HEMTSs, which increased the source resistance by 40% [136]. Finally, the performance of two different
InAIN/GaN HEMTs with Al/Ti/Ni/Au contacts was studied at temperatures beyond 500°C by
Maier et al. (2009). One of the devices failed during the 700°C exposure, while the other failed near
the beginning of the 800°C exposure. Significant redistribution of Au and Ni were observed, likely

resulting from electromigration [137].
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Hall-Effect Sensor (Geometry

Optimization

Octagonal Hall-effect sensors were designed in order to optimize sensitivity and signal-to-noise ratio
(SNR) with respect to thermal noise. Much of this chapter was previously published in [64] (© 2019

IEEE). Devices were designed to optimize the sensitivity scaled by supply current (S;); sensitivity

scaled by supply voltage (S,); SNR scaled by supply current (SNR/I); and SNR scaled by supply

voltage (SNR/V). The general process for this optimization is outlined below:

1.

2.

Write each parameter (S;, S,,, SNR/I, SNR/V) in terms of Gg and (L/W)cys.
Write each parameter in terms of only (L/W).¢s by substituting Eq. 2.2 in for Gg.
Take derivatives to get optimal (L/W).s;.

Plug optimal (L/W). s into Gy equation (Eq. 2.2).

From each optimal Gy, calculate optimal A using the following equation ([55, 138]:

A

Gy ~1—1.940 x (m)2

(3.1)

where X is defined as the length of the sides with contacts (b) divided by the sum of the sides

with contacts and those without (a + b, where a is the length of the sides without contacts).

Determine how long contacts need to be by solving for a and b.

31
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Figure 3.1: (L/W)eys values that maximize Hall-effect sensitivities with respect to supply current
(left) and supply voltage (right) in Equations 2.4 and 2.5. ©) 2019 IEEE.

3.1 Optimization for Sensitivity Performance

Devices were designed according to the above process to have contact lengths that maximized the
current-scaled and voltage-scaled sensitivities (S; and S,). The optimal (L/W).s; values were cal-
culated by maximizing Eq. 2.4 and Eq. 2.5 respectively, which showed that S; is proportional to
Gp and S, is proportional to Gg/(L/W)ers. A visual depiction of the optimization is presented
in Fig. 3.1. These optimal (L/W).s values (oo for maximum S; and 1.41 for maximum S,) were
fed back into Eq. 2.2 to compute the corresponding Gy values. Then, from Eq. 3.1, the optimal A
values of 0 and 0.5 were calculated, resulting in a device with infinitely small contacts for S; and a
device in which the length of the sides with contacts were equal to the length of the sides without

contacts for S,.

3.2 Optimization for Noise Performance

3.2.1 Types of Noise

There are several sources of noise in Hall-effect sensors. Thermal noise, also known as Johnson
noise or white noise, is due to thermal agitation of charge carriers and is present in all electronic

components and circuits. The equation for thermal noise is

Vi, = /4ksTRAY, (3.2)

where kg is the Boltzmann constant, T is the temperature, Af is the operation bandwidth, and R is
the device resistance across transverse contacts, which is also defined as the sheet resistance (Rsp)
multiplied by (L/W)esy. Thermal noise tends to be the dominant form of noise at high frequency.

Flicker noise, also known as 1/f noise, dominates at low frequency, but there is currently no
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universally-accepted theory that explains 1/f noise. The number fluctuation theory attributes flicker
noise to the trapping and de-trapping of carriers, changing the carrier density in the conducting layer.
Meanwhile, the mobility fluctuation theory attributes the noise to the fluctuation of bulk mobility
due to phonon scattering [139].

There are additional sources of noise that may be neglected because they have a less noticeable
effect than thermal noise and flicker noise. For example, generation-recombination noise, similar
to the number fluctuation theory, is caused by carriers in the semiconductor being trapped, and
changing the number of carriers and thus the resistance of the conducting layer [140, 141]. Another
example is shot noise, which arises due to the discrete nature of electronic particles [140].

Two quantities that can characterize the noise in a semiconductor device are the corner frequency
(fe) and the Hooge parameter (ag). The corner frequency is the frequency at which the thermal
noise begins to dominate over the 1/f noise. The Hooge parameter relates the power spectral density
of the noise to the physical quantities of the device in operation, such as total number of carriers
and supply voltage. While the Hooge parameter itself has no true physical meaning, it is often used

to compare the noise intensity between different materials or devices [142, 143].

3.2.2 Optimization for SNR with Respect to Thermal Noise

Although at low-frequency operation thermal noise is smaller than the offset voltage, it becomes the
dominant form of noise as the operating frequency increases. Considering only thermal noise, the
SNR can be written as the ratio between the voltage produced by the Hall-effect and the voltage
generated by thermal noise: Vg /V,,. It can be shown that given material parameters and operating
conditions, both SNR/I and SNR/V are a function only of the geometry of the device, as they are

both directly proportional to Gy and have a dependence on (L/ W)e_flf/ % and (L/ W)e_f?’f/ 2 respectively;

SNR - VH - SlB - ’I“nGH B o TnGH B x GH (3 3)
T T v - - 1/2 :
I Vil Vo qns 4kpTRAf qns \/4kBTRsh(%)effAf (%)eff
SNR _ VH _ SUB _ TnGH,uH B _ ’I”nGH;LH B - GH
- - - (L - 3/2 3/2
4 ViV Vi (W)eff \/4]€BTRSh(%)effAf (%)eff dkpTRAf (%)eff
(3.4)

Optimal (L/W). sy values were calculated by maximizing these equations, as shown in Fig. 3.2.
Following the same process outline previously, the (L/W).ss values (2 for maximum SNR/I and 1
for maximum SNR/V) were fed back into Eq. 2.3 to compute the Gp values, and then from Eq. 3.1
the corresponding A values (0.3 for SNR/I and 0.7 for SNR/V) could be calculated. These resulted
in devices in which the length of the sides without contacts were 2.33 times greater than those with
contacts for SNR/I and the opposite for SNR/V.
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Figure 3.2: (L/W).s values that maximize SNRs with respect to supply current (left) and supply
voltage (right) in Equations 3.3 and 3.4

3.3 Final Device Geometries

The shapes of the fabricated Hall-effect plates are shown in Fig. 3.3 and the geometrical parameters
of the four devices fabricated are summarized in Table 3.1. Because true point-like contacts are
impossible to realize, the fabricated “point-like” device had a A of 0.150, which resulted in a Gy
of 0.981 and a (L/W).ss of 3.26, corresponding to a = 5.66b. The predicted percentage of the
sensitivity and SNR relative to the optimized shape is listed in Table 3.2, where the values for the
point-like device are based on the dimensions of the fabricated device. For S;, this percentage is
equivalent to the Gy ratio between the given Hall plate and that with point-like contacts, as per Eq.
2.4. Accordingly, for SNR/I, this percentage was calculated as the ratio of Gy /(L/ W)iﬁ between
the Hall plate and that with short contacts, as per Eq. 3.3. For S,, this percentage was calculated
as the ratio of Gg/(L/W)crs between the Hall plate and that with equal sides, while for SNR/V
it is the ratio of GH/(L/W):;’J@ between the Hall plate and that with long contacts, as per Eq. 2.5
and Eq. 3.4 respectively.

3.4 Device Microfabrication

Two sets of devices were fabricated: one on an AlGaN/GaN-on-Si wafer grown by metal-organic
chemical vapor deposition (MOCVD) in an Aixtron close-coupled showerhead (CCS) reactor in the
Stanford Nanofabrication Facility (SNF), and the second on an InAIN/GaN-on-Si wafer purchased
from NTT Advanced Technology Corporation. The AlGaN/GaN stack consists of a 1.5 ym buffer
structure, a 1.2 pm GaN layer, a 1 nm AIN spacer, a 30 nm Al 25Gag 75N barrier layer, and a
2 nm GaN cap. The InAIN stack consists of a 300 nm buffer structure, a 1 ym GalN layer, a
0.8 nm AIN spacer, and a 10 nm Ing 17Alg g3N barrier layer. For the AlGaN/GaN and InAIN/GaN

stacks respectively, the sheet resistances at room temperature were 361 /0 and 248 /0, the carrier
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Device Parameter S; SNR/I S, SNR/V
Maximize G (T;)qg e ( ; iz
(% )ess 00 2 V2 1
Gu 1 0.861 0.667 0.430
A 0 0.3 0.5 0.7
Side Lengths (b = contact length) b=0 233b=a a=1b b =2.33a
Name Point-like  Short Contacts Equal Sides Long Contacts

Table 3.1: Parameters used in optimization of Hall-effect device contact lengths.

a=566b

100 um

Figure 3.3: Images of 100-um-diameter Hall plates with various geometries, where b is the length
of the contacts and a is the length of the sides without the contacts. The device with point-like
contacts is optimized for S;, the device with short contacts is optimized for SNR/I, the device with
equal sides is optimized for S,, and the device with long contacts is optimized for SNR/V. © 2019

IEEE.
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Geometry S; SNR/I S, SNR/V

Point-like 100%  80.2% 51.7% 28.3%
Short Contacts | 88.1% 100%  91.3%  70.7%
Equal Sides 68.2%  92.1% 100%  92.1%
Long Contacts | 44.0%  70.7%  91.3%  100%

Table 3.2: Relative design parameters of varied Hall plate geometry.

mobilities were 1811 cm?/V-s and 1143 cm?/ Vs, and the sheet electron densities were 9.2x10'2 cm =2
and 2.1x10'® cm™2, measured with Van der Pauw and Hall-effect measurements. The subsequent
fabrication process was followed for both sets of devices: a mesa etch was performed on the ITI-nitride
layer, a Ti (20 nm)/Al (200 nm)/Mo (40 nm)/Au (80 nm) metal stack was deposited and annealed
for 35 seconds at 850°C to form Ohmic contacts, a 7-nm-thick AloO3 passivation layer was atomic
layer deposited (ALD) to prevent oxidation, vias were etched to allow for electrical connection to
the contacts, and bond metal. The fabrication process is depicted in Fig. 3.4 and a cross-sectional

schematic of the material stack is shown in Fig. 3.5.

3.5 Experimental Testing

The devices were tested in a tunable 3D Helmholtz coil, detailed in [144]. A sourcemeter (Kiethley
2400) generated a current between two contacts across the Hall-effect plate, and a multimeter (Agi-
lent 34410A) measured the Hall voltage generated across the other two contacts. A switching matrix
(U2715A) was used to alternate between the eight phases to implement current spinning [144]. Dur-
ing testing, the devices were placed in MuMetal®) shielding cannisters to block extraneous magnetic
fields; the magnetic field inside the cannisters was below 6 pT. A diagram of the test setup is shown
in Fig. 3.6.

The devices were tested with supply current ranging from 60 pA to 1.2 mA, and for sensitivity
testing the applied magnetic field was +2 mT. This applied magnetic field is well within the range
for which the Hall voltage of the device is linear with respect to magnetic field. Fig. 3.7 shows the
output voltage Hall voltage with respect to magnetic fields ranging from -4 mT to 4 mT, with a
supply current of 300 pA, for two of the devices studied in this chapter; it should be noted that all
the Hall-effect sensors discussed here show similar linear characteristics. The offset voltages were
measured over the same range of supply current (60 pA to 1.2 mA) with no external applied magnetic

field; 300 measurements were taken at each current value.
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Figure 3.4: Fabrication process of AlGaN/GaN and InAIN/GaN Hall-effect sensors.
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Figure 3.5: Cross-sectional schematic of the material stack of the AlGaN/GaN and InAIN/GaN
Hall-effect sensors fabricated at the Stanford Nanofabrication Facility. Reprinted from [73] with the

permission of AIP Publishing.
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Figure 3.6: Diagram of test setup used to measure sensitivity and offset of Hall-effect sensors in
ambient environment.
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Figure 3.7: Output Hall voltage (after current spinning) versus magnetic field for one of the Al-
GaN/GaN devices and one of the InAIN/GaN devices with a supply voltage of 300 pA, showing

linearity of the response in the range of -4 mT to 4 mT. All devices used in this study showed similar
linear behavior. © 2019 IEEE.
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3.6 Sensitivity Results

For both material platforms, the devices with the point-like contacts had the highest current-related
sensitivity and the devices with equal sides had the highest voltage-related sensitivity. The measured
S; and S, closely follow the predicted trends in Table 3.2. The device sensitivities for both samples
are shown in Fig. 3.8 and they are listed in Table 3.3 along with the percentage of the maximum
value, for comparison. The AlGaN/GaN devices consistently have higher current- and voltage-
related sensitivities than the InAIN/GaN devices. Since the AlGaN/GaN device has lower sheet
concentration and higher mobility than the InAIN/GaN device, these trends hold with Eq. 2.4 and
Eq. 2.5 respectively. The InAIN/GaN Hall plate voltage-related sensitivities are an average of 64.7%
of the values for the AlGaN/GaN Hall plates, which closely corresponds to the ratio between the
mobilities of the materials (63.1%). Similarly, the InAIN/GaN current-related sensitivities are an
average of 46.3% of the AlGaN/GaN values, which corresponds to the ratio between their sheet
electron densities (43.7%).

A
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Figure 3.8: Voltage-scaled and current-scaled magnetic sensitivity for various octagonal Al1GaN/GaN
and InAIN/GaN Hall plates. Both sets of devices follow the predicted trend: the devices with equal
sides have the highest S, and the devices with point-like contacts have the highest S;. The colored
line shows the theoretical values based on sweeping A between 0 and 1 and calculating Gy and
(L/W)eys; Si varies directly with G, while S, varies with Gg/(L/W)e¢f. The error bars depict
the standard deviation of the sensitivity values over multiple supply currents from 60 yA to 1.2 mA.
(© 2019 IEEE.
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S; (VA-!'T-1) 8, (VV-IT™})

Value % Max Value % Max

AlGaN/GaN
Point-like 68.85 100% 51.36 59.1%
Short Contacts | 61.77 89.7% 72.92 84.0%
Equal Sides 50.82 73.8% 86.85 100%
Long Contacts | 33.82 49.1% 80.23 92.4%
InAIN/GaN
Point-like 32.18 100% 35.77 63.7%
Short Contacts | 28.00 87.0% 45.15 80.4%
Equal Sides 24.20 75.2% 56.13 100%
Long Contacts | 1545  48.0% 50.31 89.6%

Table 3.3: Sensitivity results. © 2019 IEEE.

3.7 Offset Results

At low bias currents (<300 pA), the offset voltages of all the AlGaN/GaN and InAIN/GaN devices
were consistently in the nanovolt range, corresponding to a magnetic field offset below 20 uT,
detailed in Table 3.4 and Table 3.5. For both material platforms the point-like devices showed
higher offset voltages than the other geometries; however, their higher internal resistances lead to
larger bias voltages for the same supply current, resulting in magnetic field offsets that are similar
in magnitude to that of the other devices. At high biases (up to 1.2 mA), the magnetic field offsets
for some of the devices remained constant below 20 pT, while some showed larger increases, up
to 80 pT. The magnetic field offsets of the AlIGaN/GaN and InAIN/GaN devices with equal sides
are shown in Fig. 3.9, and similar trends were seen for the other geometries. There is no strong
correlation between Hall-effect plate geometry and offset; the variation may be due to minor flaws

during fabrication or slight differences in packaging.

3.8 Noise Results

The variation in signal-to-noise behavior between the Hall-effect plates with differing geometry was
investigated by Dowling (2019) [62]. The corner frequency and Hooge parameter were measured for
each of the four InAIN/GaN devices. An examination of the corner frequencies showed that for any

given supply voltage, the devices with shorter contacts had a lower f.. This means that the 1/f noise
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Geometry Offset Voltage (nV) Magnetic Field Offset (uT)
Point-like 66.8 6.84
Short Contacts 45.4 4.72
Equal Sides 37.3 4.17
Long Contacts 37.1 11.0

Table 3.4: Mean offsets of Al1GaN/GaN Hall plates at low bias (<300 pA). © 2019 IEEE.

Geometry Offset Voltage (nV) Magnetic Field Offset (1T)
Point-like 70.7 14.6
Short Contacts 73.8 2.98
Equal Sides 25.4 1.03
Long Contacts 13.4 7.56

Table 3.5: Mean offsets of InAIN/GaN Hall plates at low bias (<300 pA). © 2019 IEEE.

80} — AlGaN/GaN

— InAIN/GaN
e

3

=

O

ke

Q0

[

2

©

c

o

©

=

Measurement Limit (6 uT)

10°

Bias Current (mA)

Figure 3.9: Measured magnetic field offsets of the AlGaN/GaN and InAIN/GaN devices with equal
sides. Offsets tend to be <20 uT at low bias currents (<300 pA) and greater at higher bias currents

(up to 1.2 mA). © 2019 IEEE.
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Figure 3.10: Mean Hooge parameter for each geometry vs. corner frequency measured at ~0.5 V.

in devices with short contacts will fall below the thermal noise floor at a lower frequency than for
the devices with longer contacts. Devices with shorter contacts also proved to have a lower Hooge
parameter. Possible explanations for this trend include: 1) devices with longer contacts have larger
active areas and thus are influenced by a greater number of carriers, and 2) devices with longer
contacts have lower resistances and thus a higher power density for a given supply voltage, which
may relate to carrier vibrational energy [62]. However, the Hooge parameters measured for the
50-pm, 100-pum, and 200-pm devices with a given geometry did not vary significantly, whereas this
parameter did vary significantly between geometries [62]. Fig. 3.10 plots the mean Hooge parameter
for each geometry against the corner frequency measured at ~0.5 V.

The signal-to-noise ratio (SNR) with respect to thermal noise was not measured directly, but
can be calculated to determine the theoretical noise floor of each device (shown along with Hooge

parameter and cutoff frequency in table 3.7). The parameters SNR/V and SNR/I can be calculated

as follows: SN v
_ VH
7Y (3:5)
SNR Vi
T VI (3.6)

For the same four devices, SNR/V and SNR/I were calculated using Hall voltage measurements
taken with applied current between 60 pA and 1.2 mA. Table 3.6 compares the measurements with
the expected relative magnitudes of these SNR parameters. For all of the devices except that with
short contacts, the SNR/V matched expected values quite well (within 1%). For the SNR/I, the



CHAPTER 3. HALL-EFFECT SENSOR GEOMETRY OPTIMIZATION 43

SNR/V (Hz!/?V~1) SNR/I (Hz'/2V~1)
Value % Max Expected | Value % Max Expected
Point-like 1.77x10*  38.0% 38.7% 1.59x10*  92.4% 89.2%
Short Contacts | 2.77x10*  59.6% 70.6% 1.72x107 100% 100%
Equal Sides 4.24x10*  91.3% 92.0% 1.83x107  106.4% 92.1%
Long Contacts | 4.64x10*  100% 100% 1.43x107  83.0% 70.8%

Table 3.6: Thermal noise results.

Geometry Thermal Noise | Hooge Parameter | Cutoff Frequency
(nV/VH?) (Hz)
Point-like 3.86 2.35x107° 222.29
Short Contacts 3.20 2.37x107° 409.63
Equal Sides 2.67 1.02x10~4 937.50
Long Contacts 2.25 4.69x1074 2502.42

Table 3.7: Parameters related to noise for devices of different geometries. The thermal noise is
calculated for 100-um devices and the cutoff frequency is measured at ~0.5 V.

values were less consistent with the expected values. To calculate the expected percentages, all of
the values were scaled against the expected highest value, which in this case was the device with
short contacts. The values of SNR/V suggested that there may have been an issue with the device
with short contacts; thus scaling all of the SNR/I values against this device is likely the reason that
the measurements do not match the expected percentages.

The trends in Hooge parameter and corner frequency do not match up with the optimization

done with respect to thermal noise. This discrepancy leads to the following conclusions:
e At low frequency operation, devices with longer contacts have more noise.

e Because devices with longer contacts have a larger magnitude of 1/f noise, the corner frequency
is also higher, as the 1/f noise will not fall below the thermal noise floor until a higher frequency

is reached.

e If the sensors can be operated at a sufficiently high frequency (e.g., fast current spinning
and readout circuitry), then the thermal noise will be the dominant form of noise, and the

optimized Hall plates will have the least noise.
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3.9 Conclusions

In this chapter, we present the first comprehensive study of how the shape factor affects the sensi-
tivity, offset, and noise of Hall-effect sensors, the results of which are summarized in Fig. 3.11. The
experimental results show that the sensitivity and low frequency (thermal) noise characteristics of
both the AlGaN/GaN and InAIN/GaN sensors follow the trends originally theorized for silicon Hall
plates, confirming the validity of the shape factors over multiple material platforms. An investiga-
tion into the low frequency noise characteristics of the Hall-effect sensors shows that devices with
shorter contacts have a lower corner frequency and Hooge parameter. However, at frequencies in the
kHz range, the flicker noise drops below the thermal noise floor, and then the shape factor theory
becomes valid. The consistent low offset of the various devices suggests that this parameter is not of
utmost importance in selecting the geometry of a Hall-effect sensor; rather, the operating conditions
(e.g., voltage vs. current bias, low frequency vs. high frequency) should be carefully considered for

optimal sensor design.
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Figure 3.11: Summary of effect of geometry of Hall-effect sensor on various performance parameters.



Chapter 4

Extreme Environment
Characterization of Hall-Effect

Sensors

The previous chapter discussed the comprehensive characterization of sensitivity, offset, and noise
of Hall-effect sensors in an ambient environment. This chapter will explore how the sensors behave
when subjected to harsh conditions, with the main focus on high temperature environments. Much

of this chapter was previously published in [73] with the permission of AIP Publishing.

4.1 High Temperature Testing

4.1.1 Experimental Setup for Sensitivity Tests

To conduct the high temperature sensitivity tests, the devices were diced into square dies with side
lengths of ~2 mm and epoxied with Durabond 952 Epoxy to a 1 in. X 1 in. aluminum sheet with
a thickness of 1 mm, which was subsequently placed on a heating stage manufactured by Linkam
Scientific Instruments. The contacts were wirebonded directly to the electrical connections of the
chamber, which were then connected to a sourcemeter (Kiethley 2400) to generate a voltage between
two contacts, and a multimeter (Agilent 34410A) to measure the Hall voltage generated across the
two transverse contacts. A switching matrix (U2715A) was used to implement current spinning, by
alternating the source and sense contacts between the eight configurations described in section 2.1.1.
The heating stage was placed between two copper coils wound around a 3D-printed scaffold, and
current was applied through the coils to generate a magnetic field of 2 mT. A diagram of the test

setup is shown in Figure 4.1.

46
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Figure 4.1: Diagram of the experimental setup. During testing, the Hall-effect sensor was epoxied to
an aluminum sheet placed atop the heating stage, and the device was wire bonded directly to pins
connecting to electrical feedthroughs. Reprinted from [73], with the permission of AIP Publishing.

For the initial sensitivity sweep, the device was supplied with three different bias voltages (0.3 V,
0.5V, and 1 V), and ten measurements were taken under each bias condition. The sensor was biased
with voltage rather than current because the resistance across the device increases dramatically as the
temperature increases, leading to extremely high voltages when biased with current. Measurements
were first taken at room temperature and then subsequently at higher temperatures in steps of
25-50°C, until reaching 576°C. The temperature was then ramped back down to room temperature.
The InAIN/GaN sample underwent two temperature cycles, while the process was repeated a third
time for the AlGaN/GaN sample.

For the 12-hour high temperature test, the same measurements (10 measurements at each of
three supply voltages) were taken at room temperature, and then the device was held at 576°C for
12 hours and subsequently returned to room temperature, where the measurements were taken once

again.

4.1.2 Characterization of Chuck Temperature

Although the heating stage itself is capable of reaching 600°C, there was a substantial difference
between the temperature of the stage and that of the device under test at high temperatures. To
characterize the true temperature of the device throughout the experiment, a resistance temperature
detector (RTD) was integrated with a Hall plate during a temperature sweep. The temperature

difference between the chuck and the device was additionally confirmed during a temperature sweep
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Figure 4.2: Image of test setup used to characterize difference of temperature between the control
unit setting and the chuck itself. Reprinted from [73], with the permission of AIP Publishing.

up to 200°C in which a thermocouple was epoxied to the aluminum sheet in the same manner as
the devices under test, shown in Fig. 4.2. The temperature readouts between the thermocouple and
the RTD matched to within 1.3% and thus are the temperatures reported here (see Table 4.1).

4.1.3 Voltage-Scaled Sensitivity

Fig. 4.3 plots the voltage-scaled sensitivity from room temperature to 576°C for the InAIN/GaN
and AlGaN/GaN devices with a bias voltage of 0.3 V. The voltage-scaled sensitivities dropped from
53 to 8.3 mV/V/T for the InAIN/GaN sample and from 89 to 8.5 mV/V/T for the AlGaN/GaN

sample over the temperature range. The mobility of the 2DEG was calculated from Equation 3,

TC Temperature | RTD Temperature | Percent Difference
20.8 20.8 0.1%
44.5 44.6 0.3%
84.2 83.6 -0.7%
125.1 123.5 -1.3%
160.9 161.3 0.05%
200 200.8 0.4%

Table 4.1: Comparison of temperatures measured by the thermocouple (TC) and the resistance
temperature detector (RTD). Reprinted from [73], with the permission of ATP Publishing.
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Figure 4.3: Voltage-scaled sensitivity of (a) InAIN/GaN and (b) AlGaN/GaN samples between room
temperature and 576°C. Reprinted from [73], with the permission of AIP Publishing.

using the voltage-scaled sensitivity, geometry factor, and the scattering factor of the device. Fig. 4.4
plots the temperature dependence of the mobility for the InAIN/GaN and AlGaN/GaN Hall-effect
sensors. The devices have a room temperature mobility of 1052 cm?/V-s and 1704 cm?/V's for the
InAIN/GaN and AlGaN/GaN respectively, and a mobility of 169 cm?/V-s and 172 cm?/V:s at 576°C.
The mobility decrease with increasing temperature follows a power law of 0.11 x (7'/300K)~1-™
for the InAIN/GaN sample and 0.18 x (7//300K)~23° for the AlGaN/GaN sample, which agrees
with many results published in literature [145]. The decline in voltage-scaled sensitivity at high
temperature is largely due to the corresponding decrease in electron mobility, caused by increased
scattering at high temperatures [146]. The fact that the mobility of the InAIN/GaN and AlGaN/GaN
samples are quite different at room temperature but similar at high temperature suggests that while
the dominant scattering mechanism at room temperature differs between the two materials, polar

optical phonon scattering likely dominates in both materials at high temperature.

4.1.4 Current-Scaled Sensitivity

The current-scaled sensitivity of the two devices stayed relatively constant with temperature (Fig.
4.5), indicating a stable 2DEG sheet density (Fig. 4.6). The current-scaled sensitivity varied by
13.1% from the mean of 26.3 V/A/T for the InAIN/GaN sample and 10.5% from the mean of
60.2 V/A/T for the AlGaN/GaN sample over the whole temperature range. Upon closer exami-
nation, during the first temperature ramp, the AlGaN/GaN showed a decrease in 2DEG density
until about 350-400°C and then subsequently an increase (inset of Fig. 4.6). This same behavior
was described in Ref. [72] and attributed to conduction band lowering. However, in the subsequent

temperature ramps this profile flattened out dramatically (Fig. 4.7), suggesting that conduction
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Figure 4.4: Mobility of A1GaN/GaN and InAIN/GaN samples between room temperature and 576°C.
Reprinted from [73], with the permission of ATP Publishing.

band lowering may not actually be the sole cause of this behavior.

Another change that appeared to take place between the first temperature cycle and the ensuing
cycles was the current-scaled sensitivity at room temperature. For both material platforms, the
current-scaled sensitivity was at its minimum the first time it was measured, and it then increased
in following cycles. While we at first attributed this to a permanent change in the material (e.g.,
thermally-induced strain), conducting further testing revealed this same behavior (having the lowest
sensitivity at the start of the first thermal cycle) many days later. One possible explanation is
that moisture that accumulated on the device was burned off during the first temperature cycle,
temporarily changing the device resistance [147]. This hypothesis could be tested by examining the
behavior of devices with passivation layers, which may prevent moisture from reaching the device
surface. Alternatively, the devices could be stored and tested in an inert gas environment. Another
possibility is that the electronics and equipment require a certain amount of time to warm up, which
could be easily tested by running equally long tests just at room temperature and seeing how the

sensitivity changes.

4.1.5 12-Hour High Temperature Exposure

Sensitivity measurements taken before and after storing an Al1GaN/GaN device at 576°C for 12 hours
showed the ability of the sensor to survive extreme temperatures for an extended period of time. The

voltage-scaled sensitivity changed from 92 mV/V /T before being subjected to high temperature to
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Figure 4.5: Current-scaled sensitivity of (a) InAIN/GaN and (b) AlGaN/GaN samples between room
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Figure 4.7: 2DEG sheet density as a function of temperature, with first temperature cycle depicted
with red markers and ensuing temperature cycles with gray. Reprinted from [73], with the permission
of AIP Publishing.

86 mV/V/T afterward, while the current-scaled sensitivity changed from 38.9 V/A /T t0 39.7 V/A/T.
Thus, the voltage- and current-scaled sensitivities shifted by -6.5% and 2.6% respectively, suggesting
nearly full recovery. The variation between the ten measurements taken before the thermal storage
was less than 1% for both sensitivity metrics, as was also the case for the ten measurements taken

after thermal storage.

4.1.6 Reliability and Accelerated Aging Testing
InAIN/GaN Hall-effect sensors

Ten InAIN/GaN devices of differing sizes and geometries underwent 96 hours of a high temperature
storage (HTS) test at 450°C, as part of an effort to characterize lifetime and degradation modes of
the sensors in various harsh conditions. I-V curves were taken before the HTS test started and then
again after 8 hours, 16 hours, 24 hours, 48 hours, and 96 hours. The resistances of the ten devices
are plotted in Fig. 4.8. Most of the devices had a <10% change in resistance over the course of the
test. While for the first 48 hours it appeared that there was no strong correlation between device
size or geometry and change in resistance, after 96 hours, it became apparent that the devices with
the smallest contacts may be more impacted by the high temperature exposure. One explanation

for this is that over the course of the high temperature storage test, a void or high resistance alloy
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Figure 4.8: Resistance of ten InAIN/GaN devices measured throughout 96-hour storage at 450°C.

may form in the contact and take up a certain amount of space. This defect would cover a larger
portion of the area for devices with smaller contacts than for devices with larger contacts. Thus,
for devices with small contacts, these defects would more significantly hinder the flow of electrons,
leading to a larger change in device resistance.

SEM images were taken before and throughout the HTS tests. Fig. 4.9 shows images of a device
before the high temperature exposure and then after 8 hours, 16 hours, and 24 hours at 450°C.
There is very little change in the appearance of the device over the course of the HTS test; the

contacts were very stable and did not show any evidence of metal migration or intermixing.

AlGalN/GaN Hall-effect Sensors

In contrast to the InAIN/GaN Hall-effect sensors, Fig. 4.10 shows the resistance of five AlGaN/GaN
devices from a previous fabrication run (described in [144]) over the course of 368 hours at 450°C.
These devices had a different contact stack (Ti/Al/Pt/Au) and a 50 nm alumina (AlyO3) passivation
layer. Additionally, there were various known issues with these devices; I-V curves showed that
the contacts were not perfectly Ohmic, the device resistance varied with supply voltage by -5%/V
resulting in large residual offsets (2-4 mT), and an analysis of the noise characteristics of these
devices showed extremely high Hooge parameters and corner frequencies (on the order of 10*-10°

[62]. A major contributor to the low quality of the contacts is likely a slight mask misalignment
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Figure 4.9: SEM images of an InAIN/GaN device before the high temperature exposure and then
after 8 hours, 16 hours, and 24 hours at 450°C. The last three images are all of the 50-um device
with short contacts, while the first image is of the 100-um device of the same geometry.

during fabrication, which resulted in two issues, described below.

1. The transfer length of a contact is the average distance that a carrier travels below the contact
in a semiconductor before it flows up into the contact, and can be thought of as the effective
length of the contact. To make contacts symmetric, it is important to either (a) have identical
overlaps between the semiconductor and the contact for every contact, or (b) have the overlap
be larger than the transfer length, so that the effective length of all contacts is just the transfer
length. In this device, the overlap between the AlGaN/GaN mesa structure and the Ohmic

contact was designed to be 5 um. However, the transfer length (Ly) was calculated by

Pe
L= 4.1
T Rsh ( )

to be ~4.4 pm. Thus, a mask misalignment by just 1 pm would result in asymmetric contacts.
The difference in contact lengths, and thus resistances, can lead to asymmetric heating profiles

and high offsets.

2. The mask misalignment may have resulted in exposed surfaces (not passivated) on the contact

pad, which could result in increased interdiffusion events at high temperatures.

From Fig. 4.10, it is clear that the majority of the change throughout the 368 hours HTS test at
450°C occurred within the first 25 hours of the exposure, and there was essentially no change beyond
50 hours. SEM images (such as Fig. 4.11) showed several changes in the contacts throughout the
HTS test. The SEM images, in combination with X-ray photoelectron spectroscopy (XPS) analysis,
showed contact pad cracking, gallium out-diffusion, and metal intermixing. Gallium has been shown
to have increased out-diffusion and wear in the presence of water vapor and humid conditions [148];
thus, performing these tests in an ambient environment may have contributed to this problem.

These AlGaN/GaN devices showed different changes in resistance during 200°C and 600°C ex-

posure tests. The devices were exposed to 200°C for 1200 hours and showed a steady increase in
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Figure 4.10: Resistance of five AlGaN/GaN devices measured throughout 368-hour storage at 450°C.
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Figure 4.11: SEM images of two AlGaN/GaN devices after being exposed to 450°C for 368 hours.
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Figure 4.12: Resistance of eight AlGaN/GaN devices measured throughout 24-hour storage at 600°C.

resistance throughout that time, but did not exhibit a plateau as seen in the 450°C case. Over the
course of the HT'S test, most devices showed a trend of linearly rising resistance, eventually reaching
an increase by ~10-20% after 1200 hours.

During the 600°C HTS test, the first measurements took place after 8 hours. Many of the devices
with shorter contacts showed increases in resistance of up to a factor of 10 just within the first 8
hours. Other devices showed milder increases after 8 hours, but eventually also exhibited a large

increase in resistance by up to a factor of ~100 after 16 to 24 hours, as shown in Fig. 4.12.

4.2 QOuter Space Environments

4.2.1 Venus Chamber

Three InAIN/GaN Hall-effect plates (one passivated and two unpassivated) were exposed to a Venus-
analogue environment for 244 hours. The environment included a temperature of 460°C, a COq
atmosphere, and a pressure of 96.5 bar. While subsequent tests will also include sulphuric acid, this
test did not. Fig. 4.13 shows five sensitivity measurements taken before and after exposure in the

Venus chamber. The devices tended to exhibit <10% change in sensitivity before and after the test.
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Additionally, measurements of mobility, sheet resistance, and 2DEG sheet density were taken of
the samples that had been exposed to the Venus-analogue environment as well as virgin samples.
The results, summarized in table 4.2, show that there was very little difference in the mobility and
sheet resistance between the samples that had been exposed to the Venus environment and those
that had not. The differences between the values can be attributed to die-to-die variation, thus
indicating that the 2DEG properties in the InAIN/GaN heterostructure were preserved after the
prolonged exposure to the harsh Venusian conditions.

This study was one of the first to investigate the electrical integrity of GaN heterostructures in
a Venus-analog environment; the promising results suggest that GaN-based devices have potential

applications in the collection and readout of sensor data in for Venus exploration.
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Figure 4.13: Voltage-scaled sensitivity vs. current-scaled sensitivity for three InAIN/GaN Hall-effect
sensors before (solid points) and after (open points) exposure in Venus chamber.
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[ s (0 | i (em?/V -5) | ny (em™7)

Virgin Sample, Unpassivated 272 1124 2.04 x 1013
Post-Venus Chamber, Unpassivated 302 1076 1.92 x 10%3
Virgin Sample, Passivated 252 1031 2.41 x 1013
Post-Venus Chamber, Passivated 248 1026 2.45 x 1013

Table 4.2: Sheet resistance, mobility, and 2DEG carrier concentration of devices that were exposed
to a Venus environment and identical devices that had not be exposed.

4.2.2 KickSat-2

KickSat-2 was a CubeSat mission led by Prof. Zachary Manchester that put 100 “Sprites” (3.5 cm X
3.5 cm spacecraft made on PCBs) into space. Each Sprite contained its own microcontroller, radio,
and solar cells, and some also included their own sensor payloads. The goals of the project were (1)
to present a platform that would dramatically decrease the cost of spaceflight and (2) demonstrate
swarming and networking algorithms that allow the Sprites to communicate with one another as
well as with ground stations [149].

Two 5 mm x 5 mm chips containing multiple functional InAIN/GaN Hall-effect sensors were
integrated into the motherboard of the CubeSat (Fig. 4.14). KickSat-2 was launched to the Inter-
national Space Station (ISS) on November 17, 2018 on the Cygnus spacecraft, and the CubeSat was
deployed for operation in March of 2019. Fig. 4.15 shows a NASA image of the Cygnus spacecraft
docked with the ISS, where KickSat-2 can be seen attached near the docking arm of the ISS. The
Hall-effect sensors collected data for 52 days in orbit and survived the whole time (the data packets
did not contain any “device-failure” flags). Dosimeter data from a radiation sensor (“RadFET”) on
the motherboard shows an accumulated dose of 34 Rads over the 90 days in which the CubeSat was
docked to the ISS [150].

Because of the difficulty of decoding data packets (due to the nature of the radio modulation
scheme as well as variable signal integrity from crowd-sourced ground stations), much of the Hall-
effect sensor data has not been decoded. Data packets collected from a high-gain antenna in the
Netherlands proved easiest to decode, and as such a few of these data packets were decoded manually
by Prof. Manchester. The measurements from one Hall-effect sensor over the course of eight days
are shown in Fig. 4.16; these data points show evidence of consistent readings throughout that
period. The three points vary by up to 18% from the mean, which is certainly within the range
of the magnetic field variation due to changes in CubeSat orientation, electronic components, and

environmental conditions.

4.2.3 Radiation Testing

In conjunction with sending the Hall-effect sensors into low Earth orbit, the devices were tested in a

controlled radiation environment at NASA Ames. Four different sensors underwent in situ testing:
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Figure 4.14: Tmage of 5 mm x 5 mm chip containing InAIN/GaN Hall-effect sensors and the KickSat-
2 motherboard on which they were integrated.

two devices with long contacts and two devices with short contacts, with one passivated and one
unpassivated of each geometry. The resistance across the devices were measured as they were exposed
to ~20 krad of gamma radiation. In Fig. 4.17, bumps near the beginning of radiation exposure can
be seen, particularly in the unpassivated device with short contacts. This initial dip in resistance
may be attributed to a parasitic capacitance within the device. Additionally, the unpassivated
devices showed a greater change in resistance than the passivated ones, suggesting that the change
in resistance could be related to speed with which trapped charges can move through the material.
Overall, the ~20 krad dose of gamma radiation had very little effect on device performance, and
as such the behavior of the sensors under a higher dose and different types of radiation should be

investigated.

4.3 Conclusions

In this chapter, we investigated the functionality of Al1GaN/GaN and InAIN/GaN Hall-effect sensors
in various space-relevant environments, including in high temperatures, in Venus-analogue condi-
tions, and on a CubeSat in low Earth orbit. We characterized the sensitivity of Hall-effect sensors
up to a record high temperature of 576°C. The Hall-effect sensors showed continued functionality
at high temperature, little hysteresis through 2-3 thermal cycles, and full recovery of its initial
performance characteristics at room temperature. The long-term high temperature study of the
InAIN/GaN Hall-effect sensor, combined with the 244-hour Venus chamber exposure and the 52
days it spent in low Earth orbit, further suggest the viability of this material platform, including the
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contact stack, for use in high temperature and space environments for an extended period of time.



Chapter 5

Ultraviolet Photodetectors

In this chapter the performance of AlGaN/GaN UV photodetectors under high temperatures is
examined. Much of this chapter was previously published in [151] (© 2019 IEEE).

5.1 AlGaN/GaN UV Photodetector

An image and cross-sectional diagram of the UV photodetector used in this study, designed by
Satterthwaite and Yalamarthy et al. (2018), is shown in Fig. 5.1. The device active area is 200 ym
x 200 pm and contains 13 pairs of 2DEG interdigitated transducers (IDT). The gain of the device,

further described in [83], was found to be

ne(Pp) eV
nph,totL ’

G= (5.1)
where n.(¢yp) is the number of carriers per unit volume with enough energy to overcome the barrier
keeping them in the 2DEG quantum well, y. is the electron mobility, V is the applied voltage, L
is the spacing between the 2DEG electrodes, and n,p 10 is the number of photons incident on the
photodetector. The number of electrons with sufficient energy to escape the 2DEG is approximated

as
k;bTm* _a(ep—Ady)
e EyT

h?
Here, T is the operating temperature, m* is the effective mass, ¢; is the energy separation between
the Fermi level in the 2DEG and top of the GaN conduction band, and Agy, is the amount of barrier

lowering due to hole accumulation (illustrated in Fig. 2.10b). Thus, more hole accumulation leads

(5.2)

ne(dy) =

to a higher gain, while less hole accumulation leads to a lower gain.

62
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Figure 5.1: Image and cross-sectional diagram of AlGaN/GaN UV photodetector.

5.2 Device Calibration

In order to understand the optical properties of the device, we characterized its spectral response
across a wide range of incident powers, from ~ 10* mW/cm? to ~1.5 mW/cm?. An example of the
spectral response at an optical power of ~ 4 x 1072 mW /cm? is illustrated in Fig. 5.2. Here, it is
seen that the responsivity peaks at a wavelength of ~362 nm. Further, the spectral response can
be modeled as a rectangular window with a height corresponding to the peak responsivity at 362
nm (433 A/W) and a width of 16 nm. Fig. 5.2 also shows a UV-to-visible (362 nm to 425 nm)
ratio of 4 x 10%. The variation in the responsivity across the range of incident optical powers at a
wavelength of 362 nm is illustrated in Fig. 5.3a. The peak responsivity of ~7800 A/W occurs at a
power of ~1 mW /cm?. Since the area of the device is known, we can convert the responsivity into a
measurement of the current across the device, which yields a calibration curve of the current versus
the total optical power on the device, as shown in Fig. 5.3b. The calibration curve was constructed
with data gathered on two different experimental setups - one for low power and one for high power.
This calibration curve can be used to correlate the current measurement from the photodetector

with the incident optical power on the device.
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Figure 5.2: Spectral responsivity vs. wavelength, measured at a bias voltage of 5 V and incident
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Figure 5.3: Plots of (a) responsivity versus incident power and (b) current versus incident power for
a wide range of incident optical powers.
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Figure 5.4: Plots of (a) responsivity and (b) Normalized photocurrent to dark current ratio (NPDR)
versus temperature. (© 2019 IEEE.

5.3 Extreme Environment Characterization of UV Photode-

tectors

5.3.1 High Temperature Testing

The high-temperature properties of the AlGaN/GaN photodetector were investigated to evaluate its
performance in extreme environment conditions. In these experiments, we fixed the incident optical
power at 4 x 1073 mW/em?, although a similar trend is expected at other optical powers. The peak
spectral responsivity of the photodetector fell by a factor of nearly 2,000 from room temperature to
250°C (Fig. 5.4a), but the NPDR still remained above 10° W~1! even at the highest temperatures
(Fig. 5.4b), which is still higher than the values of several GaN photodetectors at room temperature
in the published literature [152, 153, 154, 155, 156]. In particular, this NPDR of 10° W~ at 250°C
corresponds to a photocurrent-to-dark current ratio of ~20, and thus amenable to photodetection
at these high temperatures.

The steep fall in responsivity associated with the increase in temperature is the result of a
combination of lower mobility of the charge carriers due to lattice scattering [146] as well as a higher
recombination rate for the photo-excited electron-hole pairs. The previously described studies on
Hall-effect sensors revealed that the electron mobility in the AlGaN/GaN 2DEG drops by a factor
of ~3 between room temperature and 250°C. Thus, the majority of decrease is likely due to the
increased electron-hole pair recombination at high temperature. The increase in this rate leads to
fewer electrons making it to the AlGaN electrode before recombining with a hole, thus decreasing

the photocurrent. Even more significantly, fewer holes are able to accumulate behind the AlGaN
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Figure 5.5: Expected trend of responsivity vs. temperature for devices with varying gap widths
between electrodes. If the increase in electron-hole recombination rate is the main contributor to
the responsivity reduction at high temperature, then devices with wider gaps would exhibit a greater
decrease in responsivity.

barrier, which reduces the amount of barrier lowering. From Eqs. 5.1 and 5.2, it is clear that the
gain is directly proportional to n., or the number of electrons with sufficient energy to escape from
the 2DEG quantum well. However, n. depends exponentially on the barrier lowering, so just a small
change in hole population can cascade into a significant decrease in responsivity.

To test the hypothesis that the increased electron-hole pair recombination rate is the main
contributor to the responsivity reduction at high temperature, we propose the following experiment.
Measure the responsivity across the temperature range of a series of devices that have varying
gap widths between electrodes, similar to those described in [83]. If the recombination rate is the
driving factor in the responsivity decrease, then devices with larger gaps between electrodes will
have a greater reduction in responsivity than those with smaller gaps because the electrons and
holes have more time to recombine before reaching the electrodes. While all the devices will show
some decrease in gain at high temperature, those with wider gaps will exhibit a more significant
decrease, as illustrated in Fig. 5.5.

An additional effect of high temperature operation is that the wavelength at which the highest
responsivity occurs shifted from ~362 nm at room temperature to ~375 nm at 250 °C, as shown
in 5.6a. This wavelength shift is due to the decrease in bandgap with increasing temperature. For
GaN, the bandgap, in units of eV, is a function of temperature (T), and can be expressed using the

Varshni parameters as [157]:
9.09 x 1074 x T2

T 4 830
The corresponding wavelengths for these temperature-dependent bandgaps are plotted in Fig. 5.6b,

E, =351 —

(5.3)
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Figure 5.6: Plots of peak wavelength versus temperature for (a) measured data and (b) theoretical
calculations. (© 2019 IEEE.

showing excellent agreement with the experimentally measured wavelength where the peak respon-
sivity occurs (Fig. 5.6a). This confirms that the shift to higher wavelengths of the peak spectral

responsivity with temperature is due to the change in bandgap.

5.3.2 Venus Chamber Testing

Seven photodetectors were exposed to a Venus-analogue environment for 244 hours, as described
in section 4.2.1. Tests of the response of the photodetectors before and after the Venus chamber
exposure showed an average decrease in responsivity of 37% (Fig. 5.7). The decrease in responsivity
is likely due to contact degradation, as was apparent from scanning electron microscope (SEM)
images of devices that had undergone the Venus chamber testing as well as those that had not (Fig.
5.8).

5.4 Photodetector for Combustion Monitoring

After thorough characterization of the Al1GaN/GaN photodetectors at high temperature, they were
implemented into a relevant aerospace system. Their low power consumption, fast response times,
and ability to operate at high temperatures made them a good candidate for combustion monitoring.
Photodetectors were used in two different experiments to monitor combustion in hybrid rocket
motors. The first experiment was on a hybrid rocket motor igniter plume at the Jet Propulsion Lab

(JPL), and the second was on a transparent hybrid rocket motor fuel grain at Stanford.
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Figure 5.7: Response of photodetectors before and after exposure to Venus-analogue environment.
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Figure 5.8: SEM images of photodetector contacts on photodetectors that (a) had not been exposed
to Venus-analogue environment and (b) had been exposed to the Venus-analogue environment.
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(b) L]

Stanford Igniter
Photodetector Port -

Figure 5.9: (a) Image of photodetector setup. The sensor is being held by the clamp on the left and
the igniter plume is emitted from the hole in the middle. (b) Schematic of flame and photodetector
where d is the radial distance between the two, [ is the length of the flame, and r is the radius of
the flame. (©) 2019 IEEE.

\ Lean \ Near Stoichiometric \ Rich
CH4 Mass Flow Rate (g/s) 0.12 0.15-0.16 0.24
Oxidizer-to-Fuel Ratio 5.81-5.96 4.47-4.62 2.85-2.89
Average Chamber Pressure (psi) | 70.0-72.8 82.6-84.4 104.6-109.1
Maximum Chamber Pressure (psi) | 89.7-93.3 105.4-107.5 133.3-138.1

Table 5.1: Values associated with various test conditions. (©) 2019 IEEE.

5.4.1 JPL Hybrid Rocket Motor Igniter Plume

Experimental Methods

The AlGaN/GaN photodetector was placed at three radial distances (3”, 5.5”, and 7”) from the
base of a hybrid rocket motor igniter plume, and the O3/CHy oxidizer-to-fuel (O/F) ratio was varied
to alter the size and strength of the plume. An image of the test setup is shown in Fig. 5.9a and
a simplified diagram is illustrated in Fig. 5.9b. UV light from the entire plume is collected by the
photodetector, since it is not collimated in our experimental setup. A more detailed description of
the hybrid rocket motor and its characteristics can be found elsewhere [158]. A commercial spark
plug was used to ignite the Og/CH4 mixture in the igniter combustion chamber. The feed pressure
of oxygen was kept constant to provide a consistent mass flow rate of 0.70 g/s, while the methane
pressure varied between 0.12 and 0.24 g/s to establish a range of O/F ratios. The igniter was fired
under three conditions: lean, near stoichiometric, and rich, which correspond to O/F ratios by mass
of 5.8, 4.5, and 2.9 respectively. The stoichiometric O/F ratio for the Os/CHy reaction is 4.0. The
average chamber pressures and maximum chamber pressures also varied for the different conditions,
detailed in Table 5.1.



CHAPTER 5. ULTRAVIOLET PHOTODETECTORS 70

8 T T T T T

6 L B
<
S
o4 '
5
O

2F -

O ' L‘ A

0 20 40 60 80 100 120

Time (s)

Figure 5.10: Plot of current measured across the photodetector versus time for a series of three fires.
(© 2019 IEEE.

The igniter was fired two to four times under each condition. Each burn lasted for one second
and was followed by a three second purge and then a wait time of at least 30 seconds before the next
burn. A sourcemeter (Keithley 2400) was used to bias the photodetector at 5 V and measure the
device current at a sample rate of ~13.5 Hz. Each fire of the igniter caused a spike in the current
proportional to the intensity of the UV emission from the flame, and an example of this response is
shown in Fig. 5.10. We note that in these experiments, the photodetector is at room temperature

due to the short duration of the fire and the large spatial separation from the plume.

10 20 30 40 50
Time (s)

Figure 5.11: Images of (a) the igniter before the burn, (b) the igniter plume during the burn, and
(c) the data from the photodetector throughout the course of the burn. © 2019 IEEE.
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Figure 5.12: Plot of incident optical power versus O/F ratio, showing a trend of increasing opti-
cal power with increasing fuel concentration, and decreasing optical power with larger separation
between photodetector and plume. © 2019 IEEE.

Combustion Monitoring Results

Images of the igniter before and during the burn, as well as the actual data from the photodetector
throughout the course of the burn, are shown in Fig. 5.11. For the matrix of O/F ratios and
distances of the photodetector from the plume, we converted the current into incident optical power
using the calibration data in Figure 5.3b. The data from the photodetector demonstrates a clear
trend of increasing optical power with increasing fuel concentration, as seen in Fig. 5.12. Further,
the optical power decreases with larger separation between the photodetector and plume, since a

smaller fraction of the UV radiation is incident on the photodetector.

Flame Temperature Calculation

The relationship between temperature and blackbody emissive power was used to estimate an average
flame temperature, and a radiative configuration factor corresponding to the geometry of the emitter
and the detector was incorporated to improve the model. In the model for radiative heat transfer
between the plume and the photodetector, we assume that the plume and the photodetector can be
approximated by a cylinder and rectangle (of size 200 pm by 280 um), respectively. The normal to
the rectangle passes through one end of the cylinder and is perpendicular to its axis, with dimensions
as shown in Figure 5.9b.

The intensity (i) of light at a given wavelength (\) is a function of the temperature (7) of the
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emitter. It is defined as the radiation emitted by a blackbody at temperature T per unit time, per
unit surface area, per unit wavelength, with units of W/m? - ym:

iANT)= ——— (5.4)
The constants C; and Cy are defined as hc? and he/kp respectively, where h is Planck’s constant,
c is the speed of light, and kp is the Boltzmann constant. The total intensity from a specific band
of the electromagnetic spectrum can be calculated by integrating over the wavelengths of interest.
In this case, the responsivity of the photodetector is a rectangular window centered around 362

nm (since it is at room temperature) with a width of 16 nm. Thus the power (P) incident on the

photodetector, accounting for its spectral response, is given by:
P=nxiT)x Ay (5.5)

where A; is the surface area of the emitter. A configuration factor is introduced to account for the
effects of the geometry and orientation of the emitter and the detector. The configuration factor Fj;
is the fraction of the radiation leaving the surface of the emitter (with surface area A;) and striking
the surface of the detector (with area A;). The reciprocity relation for configuration factors states
that A;F;; = AjFj; [159]. The configuration factor for a square emitter and cylindrical detector
is given in [21]; the reciprocity relation must then be used to attain the configuration factor for
the cylindrical emitter (with surface area A;) and square detector (with area As), resulting in the

following:

o2 Ly L B X2 XD 1 [ET
= — X [—=tan ————= + = (—F—==)tan = — —tan —_— .
T4 T rH VHZ -1 H HJXY Y(H+1) H VE+1

where L, H, X, and Y depend on [, r, and d from Fig. 5.9b:

L=- (5.7)
H= g (5.8)
X=01+H?>+1? (5.9)
Y=(1-H)?*+17 (5.10)

In this case, the area of the detector Ay is 280 pum x 200 pm, and the surface area of the flame (27r)
varies with O/F ratio, increasing as the combustion reaction increased in fuel content. Multiplying
Eq. 5.5 by the configuration factor F15 (Eq. 5.6) results in the power emitted by the plume and
detected by the photodetector.
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Figure 5.13: Plot of calculated average plume temperature vs. distance of the photodetector from
the plume for the three O/F ratios. The inset shows that the average calculated plume temperature
for each O/F ratio was between 880 K and 940 K. (© 2019 IEEE.

Flame Temperature Results

The temperature was calculated to be roughly invariant (within 25 K) for each fixed fuel concen-
tration for the three tested distances (Fig. 5.13). The theoretical nozzle temperatures for the test
conditions are shown in Figure 11, with the two chamber pressures corresponding to the maximum
and minimum seen in the experimental tests. The nozzle throat temperature varies by less than 100
K between the three O/F ratios, which was also seen in the calculated temperatures (inset of Fig.
5.13). As seen in Fig. 5.14, the nozzle temperatures are significantly higher than the calculated
temperatures (from the photodetector). This is because the flame cools as it expands into the at-
mosphere, and the calculated temperatures are averages over the entire plume. Additionally, there
is significant heat loss to the stainless steel igniter chamber itself, further reducing the temperature

below the adiabatic flame temperature.

Measurement Uncertainty

The estimated plume temperatures contain considerable uncertainty. Several sources of uncertainty

are described here.

1. The flame surface area, upon which the temperature estimation is highly dependent, was
challenging to quantify accurately. In particular, the flame was barely visible in the lean
condition. This source of uncertainty could be eliminated in future experiments by collimating

the light to provide a known area.

2. Related to (1), the surface area of the flame based on visible light was likely quite different
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Figure 5.14: Plot of theoretical nozzle temperatures over a range of O/F ratios for two different
chamber pressures calculated using CEA. © 2019 IEEE.

than that for UV light. Given that the photodetector had a response to the invisible flames
in the lean O/F ratio condition, it is clear that some UV light was still being emitted even

though visible light was not.

3. The model assumes that the temperature of the flame is uniform, but the temperature actually

varies significantly throughout the plume [160].

4. The calculation of temperature ultimately relies on accurately knowing the incident optical
power on the photodetector. This is determined by matching the output current to the cali-
bration curve presented in Fig. 5.3b. While the low power part of the calibration curve is linear
and the high power part of the calibration curve is linear, there is a range of power (~2 yW to
~62 W) for which the relationship with current is unknown. Many of the measurements from
the igniter plume fell within this uncertain region. This uncertainty could be eliminated with

a more thorough calibration curve that includes several data points in the region of interest.
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Figure 5.15: Photograph of combustion reaction taking place in hybrid rocket motor fuel grain
(image from F.S. Mechentel et al., ATAA 2018 Propulsion and Energy Forum, (2018)).

5.4.2 Hybrid Rocket Motor Fuel Grain
Experimental Methods

A subsequent study was done on a hybrid rocket motor fuel grain in Prof. Brian Cantwell’s lab
at Stanford. Details about the fuel grain are described in [161] and [162] and an image of the
operational motor is shown in Fig. 5.15. Two photodetectors were adhered on the outside of the
transparent solid fuel grain made of polymethylmethacrylate (PMMA), with one placed towards the
fore end and the other towards the aft end. The same experiment was repeated four times: three
tests were conducted with the AlGaN/GaN photodetectors described in the previous sections, while
one was done with commercial photodetectors purchased from OSI Optoelectronics. Holders, shown
in Fig. 5.16, were 3D-printed to keep the photodetectors securely in place and correctly aligned with
the cylindrical port in the center of the fuel grain. During each test, gaseous oxygen was flowed
through the central port, causing a combustion reaction with the PMMA fuel grain. The total burn
time for each test was ~30 seconds. Images of the hybrid rocket motor fuel grain before and during

the burn are shown in Fig. 5.17.

Flame Temperature Estimation with Commercial Photodetectors

The sensors purchased from OSI Optoelectronics were silicon Dual Sandwich or Two Color De-
tectors. Each sensor contains two photodectors that have responsivity curves that cover different
frequency ranges and peak at different wavelengths [163]. The top photodetector responds to light
with wavelengths ranging from ~400 nm to over 1100 nm and has a peak responsivity of 0.48 A/W
at a wavelength of ~963 nm. The bottom photodetector has a narrower range; it only responds to

light with wavelengths above ~930 nm and has a peak responsivity of 0.14 A/W at a wavelength of
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Figure 5.16: Image of 3D-printed holders that kept the Al1GaN/GaN (top) and commercial (bottom)
photodetectors in place on the fuel grain.

Figure 5.17: Images of the hybrid rocket motor fuel grain before and during the burn.
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~1057 nm. These Two Color detectors are often used to measure temperature by taking the ratio
of radiation intensities of two adjacent wavelengths and comparing them with the standard black
body radiation curves.

To estimate the temperature of the flame, we used the following equation:
I /z’()\, T)R(A)dA/dQ (5.11)

where [ is the output current, i(\, T') is the intensity of light at a given wavelength and temperature
taken from Eq. 5.4.1, R()\) comes from the responsivity curve, and ) is the solid angle, which
quantifies that field of view from the photodetector to the flame. Because both photodetectors in
the OSI sensor are the same size and in nearly the same place, the solid angles of the two are equal

to one another. Setting the solid angles equal results in the equation:

Il 12
Jir(NT Ry (V)X — Jia(\T) Ra(N)dA

(5.12)

The only unknown in the above equation is temperature (T"); it can be solved for analytically. Fig.
5.18 shows the responses of the top and bottom photodetectors in two OSI sensors, placed near
the fore end and the aft end of the fuel grain. In both locations, the top photodetector has a peak
output of ~8 mA while the bottom photodetector peaks at ~1.7 mA. These measurements resulted
in temperature estimates of 1215 K from the sensor on the fore end and 1197 K for the sensor on
the aft end. These measurements differ by less than 1.5% and result in an average temperature

measurement of 1206 K.

AlGaN/GaN Photodetector Results

As expected, the current from the AlGaN/GaN photodetectors increased dramatically over the
course of the burn. An example of the current output from a photodetector for one burn is shown in
Fig. 5.19a. The current spiked over the ~20 seconds of the burn and then returned to close to zero
when the burn finished. The peak current (in this case ~6 nA) was matched up to the calibration
curve to determine the incident optical power that was shining on the photodetector. The same
process described in Eqgs. 5.6-5.10 was implemented and the temperatures were calculated to be
between 1000 and 1013 K.

Many of the same sources of uncertainty listed in the previous section remained during this
experiment, but there were a few differences. In this case, the area of the flame was well-constrained
because the dimensions of the fuel grain were known. An added source of uncertainty, however, is
that there was some material (PMMA) between the flame and the photodetector, which could have
blocked some of the UV light from reaching the device.

Despite the uncertainty, the flame temperatures measured are not unreasonable, based on a

literature survey. In a 2008 study, Beaulieu and Dembsey used an infrared pyrometer to measure
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Figure 5.18: Current output from top and bottom photodetectors in OSI sensors over the course of
the hybrid rocket motor burn, placed near the fore end (1) and the aft end (2) of the fuel grain.
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Figure 5.19: (a) Current output from an AlGaN/GaN photodetector over the course of the hybrid

rocket motor burn. (b) Output current (red dashed line) overlaid on top of calibration data (also
shown in Fig. 5.3b).
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the flame temperature immediately above a sample of burning black PMMA with 20.9% and 40%
oxygen concentration. They report a flame temperature of 1184+100 K and 1300£100 K for the two
cases respectively [164]. This measurement is lower than that reported in earlier papers; a 1981 study
found the temperature of a PMMA flame burning in air to be 1200-1400 K using a “two-sensor, dual-
beam, narrow-angle radiometer” in which the flame radiance was measured against a background
of blackbody radiation [165]. A paper from 1977 measured the temperature of a PMMA flame to
be 1367 K [166], while another paper from the same year states that the PMMA flame temperature
is 14204100 K, with the uncertainty arising due to the unsteady nature of flames [167]. In a more
recent paper, Kacem et al. (2016) placed four chromel/alumel thermocouples at different heights in
the flame above a burning slab of clear PMMA. They measured the flame temperature to be ~1200
right above the slab, which naturally decreased as the thermocouples were placed further from the
surface of the PMMA [168]. Finally, in 2017, Alibert et al. measured the flame temperature close to
the burning PMMA surface to be 1087420 K in an environment with 21% oxygen concentration. As
the oxygen concentration decreased, the flame temperature also decreased, down to ~1025 K with

18% oxygen concentration [169].

5.5 Conclusions

In this chapter, we examined the performance of a novel AlGaN/GaN photodetector at high tempera-
ture and discussed why its responsivity decreased so significantly up at 250°C. We then implemented
it onto two different hybrid rocket motor systems to monitor combustion and estimate flame tem-
perature. While the unknown flame surface area led to significant uncertainty in calculating the
temperature of the hybrid rocket igniter plume at JPL, the photodetector measurements were able
to shed light on the oxygen-to-fuel ratio of the plume. The temperature estimation of the combus-
tion flame in the transparent PMMA hybrid rocket motor fuel grain was better constrained, but
still suffered from uncertainty in the calibration curve. However, the photodetector’s performance
at high temperature and its flame detection ability make it a good candidate for use in combustion

monitoring applications.



Chapter 6

Concluding Remarks and Future
Work

6.1 Conclusions

In this thesis, we investigated the performance of 2DEG-based magnetic field and UV light detectors
in space-simulant environments. The results from extensive characterization of these two types of
devices suggests that sensors made with GaN heterostructures may be considered for use in outer
space and other terrestrial high temperature applications.

In Chapter 3, we conducted a thorough study of how the shape factor (related to the length of
Ohmic contacts) of the Hall-effect sensor impacts its sensitivity and noise performance. While the
behavior trends been proposed in the literature for silicon Hall-effect plates years ago, this experi-
mental study confirmed that the theory was correct, not only for silicon Hall-effect sensors but for
2DEG-based devices as well. The experimental results showed that the sensitivity behavior followed
the shape factor theory quite precisely; the devices with the smallest contacts produced the highest
current-scaled sensitivity and the devices shaped as regular octagons resulted in the highest voltage-
scaled sensitivity. The shape factor theory only accounts for thermal noise in evaluating the SNR of
the devices, but we additionally measured flicker noise to analyze the noise behavior. We determined
that larger contacts lead to a higher corner frequency and Hooge parameter, thus suggesting that
devices with smaller contacts will have better noise behavior at low frequency operation. At higher
frequency operation the flicker noise will be below the thermal noise floor, and then the devices with
long contacts are ideal under voltage bias, while those with short contacts are better under current
bias.

In Chapter 4, we covered a variety of extreme environment tests conducted on the Hall-effect

80
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sensors. We characterized the voltage-scaled and current-scaled sensitivity between room temper-
ature and 576°C, showing that the devices were functional at this high temperature and exhibited
very little hysteresis over 2-3 thermal cycles. This result, combined with preliminary results from the
reliability testing being performed on the InAIN/GaN devices, showed the potential for long-term
survival in high temperature environments. We additionally showed that the InAIN/GaN Hall-effect
sensors had only minor changes in sensitivity after a 10-day exposure to a Venus-analogue environ-
ment (460°C, 96.5 bar, CO2 atmosphere), and that they survived 52 days in low Earth orbit. These
results indicate that AlGaN/GaN and InAIN/GaN are promising material platforms for electronics
that need to operate in harsh conditions; demonstrating them in these environments raises their
technology readiness level as they inch closer to commercialization.

Finally, in Chapter 5, we characterized the behavior of an AlGaN/GaN photodetector at high
temperature and analyzed its performance during two different combustion monitoring experiments.
We found that the responsivity and NPDR of the photodetector dropped dramatically at 250°C,
likely due to the increased hole-electron pair recombination rate. This leads to a reduction in
hole accumulation behind the AlGaN barrier; the energetic barrier is thus not lowered enough for
many electrons from the 2DEG quantum well to spill out and flow as photocurrent. Despite the
worse performance at high temperature, the sensitivity and NPDR proved to be on par with MSM
photodetectors in literature operating at room temprature, and thus are still quite functional. We
showed that the photodetector was able to monitor the combustion from a hybrid rocket motor
igniter plume and in a transparent hybrid rocket motor fuel grain, indicating its potential for use in

this application space.

6.2 Ongoing and Future Work

6.2.1 Implementation of Hall-Effect Sensors for Power Applications

The next step towards commercialization of the GaN-based Hall-effect sensors is demonstrating their

functionality in industrial applications.

Bucket Transformer

While there is ongoing work to implement the sensors into various power electronics and industrial
testbeds, the most successful project was conducted by Janowitz et al. in 2020, described in more
detail in [170]. In this project, an InAIN/GaN Hall-effect sensor was implemented into a bucket
transformer in Mexico in collaboration with Prolec GE. The sensor was first comprehensively char-
acterized in several industry-relevant conditions, including a temperatures up to 140°C, operating
range up to 300 mT with 0.1 mT resolution, survival after exposure to a 2.5 T flux density, and

functionality while submerged in mineral oil. The sensor was integrated with an analog-to-digital
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Figure 6.1: (a) Image of InAIN/GaN Hall-effect sensor wirebonded to PCB. (b) and (c¢) Images of
placement of sensor in the power electronics testbed at the University of Illinois Urbana-Champaign
for current monitoring of the DC link between a rectifier and inverter.

converter (ADC), micro-controller, memory card, and battery. Data was successfully collected from
multiple AC field tests on a dry transformer core and from a DC field test in mineral oil. Further
improvements to make this technology more usable in industry include wireless data transfer and

renewable power sources.

Other Power Electronics Applications

Work has also been done to integrate the InAIN/GaN Hall-effect sensors into a power electronics
testbed at the University of Illinois Urbana-Champaign for current monitoring. The purpose is to
demonstrate their use for measuring current into a motor as well as into a DC link between a rectifier
and inverter. An image of the sensor placement for current monitoring of the DC link is shown in
Fig. 6.1.

Two other projects are also underway: one to monitor current in an electric drive traction system
with the University of Arkansas (with Prof. Juan Balda and Prof. Yue Zhao) [171], and the other
to monitor the position and speed of a mega-Watt scale electric motor at the University of Illinois
(with Prof. Kiruba Haran) [172]. Successful demonstration of current monitoring on these testbeds
is necessary before they can be adopted for condition-based monitoring and diagnostics of critical

electro-thermal components in industrial systems.

6.2.2 Reliability and Accelerated Aging Testing

As discussed in Chapter 4, long-term high temperature storage tests are being conducted to evaluate
the reliability of the InAIN/GaN Hall-effect sensors. Storage at 200°C, 350°C, 450°C, and 600°C is
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Figure 6.2: Depiction of how Arrhenius model is used in calculating activation energy required for
device failure.

being done for up to 1200 hours (at the lower temperatures). Once these tests are complete, the goal
is to use an Arrhenius model to determine the activation energy (E,) that results in device failure.

The equation to calculate activation energy is

T ()

- = (6.1)

The time constants 7; and 7 are defined as the time it takes for the resistance across the device to
reach 67% of its final resistance when exposed to temperatures T; and T5 respectively, as depicted
in Fig. 6.2a. After determining the time to failure (7) at many different temperatures, the natural
log of 7 can be plotted against the inverse temperature (Fig. 6.2b). The slope of the resulting line
is E,/kp [173]. These calculated activation energy values may be matched to degradation modes in
the literature to shed light on how these sensors fail.

There are also other environmental conditions that may affect the reliability of Hall-effect sensors
in industry. These include dynamic magnetic fields, rapid thermal cycling, and humidity exposure.
Further testing must be done under all of these conditions to understand the limits of these sensors.
Additionally, packaging plays an important role in device reliability, both in protecting it from
external conditions and also creating additional potential failure modes or sources of stress. A

comprehensive investigation into reliable packaging of these Hall-effect sensors should be conducted.

6.2.3 High Mobility Materials

Ongoing work is being done on fabricating Hall-effect sensors on an AlGaAs/GaAs platform because
its high electron mobility of ~5000-8000 cm?/V-s at room temperature has proven to result in high
sensitivity and low noise devices [174, 175, 50]. While it is known that the narrow bandgap of GaAs

results in less temperature stability than GalN, further work may be done to fully characterize its
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Figure 6.3: Schematic showing operational principles of the 2w technique.

high temperature behavior. Additionally, a comprehensive study on offset in AlGaAs/GaAs devices

would be beneficial, and could inform its use in some applications, such as in the automotive sector.

6.2.4 Novel Methods to Measure AC Magnetic Fields

Because many industrial applications require accurate measurement of AC magnetic fields (e.g.,
motors, transformers), some recent work has focused on improved methods to measure such fields.
In particular, Lalwani et al. (2020) describe a technique, called the “2-omega” method, in which the
applied current is supplied at the same frequency as the external magnetic field (w) [176]. In this
case, the output voltage contains three terms: the portion of the signal proportional to the offset is
at frequency w, the portion proportional to the induced voltage (due to Faraday’s law of induction)
is at frequency w, and the portion of interest proportional to the external magnetic field (the true
Hall voltage) is at frequency 2w. Thus, by only measuring the part of the signal at frequency 2w, the
induced voltage and offset terms can be eliminated. A schematic showing the operational principles
of this technique is shown in Fig. 6.3. An advantage of this method is that it eliminates much of the
offset without needing to implement the current spinning technique. However, further work needs to
be done to determine the set of auxiliary components that would be most beneficial for commercial
implementation of this method. Additionally, it would be useful to understand the limits of this

technique in high temperature environments.

6.2.5 Spinning Frequency

The current spinning technique to reduce offset from the Hall-effect sensor was described in Chapter
2. However, throughout this thesis, the frequency at which the current could be spun was quite
limited (on the order of 1 Hz) due to the use of a mechanical switching matrix. There is an open
question of whether the rate of current spinning may affect the offset measurement from the sensor.
Using an electronic, rather than mechanical, switches could greatly increase the current spinning

rate and enable this type of study.
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6.2.6 Final Remarks

This thesis illustrates how Hall-effect and ultraviolet light sensors were developed, characterized,
and tested under harsh conditions to increase the technology readiness level of GaN-based sensors.
Because of its capacity for high power density and ability to operate in extreme environments, GaN-
based sensors have the potential to contribute to improving the efficiency of electrified vehicles,
miniaturizing wearable and other internet-of-things devices, and allowing us to explore deeper into
outer space. As we continue to push the technology forward, we come ever closer to the widespread

use of GaN in these and other high power density and harsh environment applications.
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