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ABSTRACT
Hall effect sensors are ubiquitous, being used in the electronics industry for monitoring
rotation in optical memory disks, banknote authentication in vending machines, and for
sensing currents in cables. Other notable applications of micro Hall sensors include
scanning Hall probe microscopy (SHPM) and medical diagnostics based on the
detection of magnetic tags attached to target molecules. Now, while Hall sensors are
widely used at cryogenic and ambient temperatures, there are still niche demands for
Hall sensors that are stable at elevated temperatures of about 400°C for applications
such as the determination of the Curie temperatures of ferromagnetic materials. More
recent demands include the sensing of currents in electric cars, where the ambient is
well above room temperature. Hall sensors are also promising for space applications
such as in electronics systems for space exploration vehicles, where size and power
consumption are important, and monitoring magnetic fields in charged particle
accelerators. Recently there have been reports on indium antimonide (InSb) based Hall
sensor devices as candidates to replace magnetic sensors used in thermonuclear power
stations. In such extreme environments Hall sensors must withstand high temperatures
and particles and/or electromagnetic irradiation.
Conventional Hall sensors fabricated using silicon (Si), indium arsenide (InAs) or
indium antimonide are stable up to temperatures of about 125°C, and above this
temperature, the sensors are inoperable due to the onset of intrinsic conduction and
physical degradation of the semiconducting materials. Silicon carbide (SiC) could
potentially be used for fabricating Hall sensors operating at high temperature because of
its large band gap, high electron saturation velocity, and excellent thermal stability at
high temperatures. However, the need for precise control of dopants and the large
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thickness of the conducting layers of SiC severely limits its sensitivity and stability at
high temperatures. The gallium nitride (GaN) and its related compound aluminum
gallium nitride (AlGaN) have wide band gap, high thermal and chemical stabilities. The
gallium nitride has low intrinsic electron concentration, which is several orders of
magnitude lower with respect to that of Si or gallium arsenide (GaAs), and comparable
with that of SiC, enabling the increase of the maximum operation temperature.
Moreover, gallium nitride has high threshold displacement energy making this material
tolerant against particles irradiation; therefore, Hall sensors based on the GaN are
suitable for magnetic field sensing for high temperature and high-energy particles
irradiation application fields.
In addition, formation of the two–dimensional electron gas at the interface between the
AlGaN and GaN gives rise to high electron density in a thin active region of thickness
of few nanometers and to high electron mobility, making the AlGaN/GaN
heterostructures appropriate for Hall sensor devices. The fabrication and the
characterization at high temperature and high proton irradiation of Hall sensors based on
the AlGaN/GaN heterostructures were described and compared with the conventional
Hall sensors based on AlGaAs/GaAs and AlInSb/InAsSb/AlInSb heterostructures.
Electrical characterizations of the micro–Hall sensors based on AlGaN/GaN
heterostructures at high temperature and high–energy proton irradiation showed that
micro–Hall sensors based on AlGaN/GaN heterostructures are stable from cryogenic
temperature to a temperature of 400°C and expected to show stability up to about 700°C,
and are tolerant to high–energy proton irradiation up to proton dose of 1014 protons/cm2.
Proton irradiation on the AlGaN/GaN heterostructures based micro-Hall sensors induce
defects and crystal quality damage, however, the possibility of recovering of the crystal
c

quality and defect removing by annealing was confirmed by electrical and optical
characterizations.
The micro-Hall sensors reported in this study were not protected by any form of
packaging. The maximum proton fluence at which the AlGaN/GaN heterostructures
based micro-Hall sensors are stable at is equivalent to thousands of years of the sensor
application lifetime at the low-earth orbit (LEO). However, the protection of the
micro–Hall sensors by a ferromagnetic materials can in the same time enhances the
sensor sensitivity and detectivity and reduces or stops the effect of proton irradiation,
therefore, increases the micro–Hall sensors lifetime in harsh environments.
The AlGaN/GaN heterostructures and the AlInSb/InAsSb/AlInSb quantum wells based
micro–Hall sensors are good candidates to replace the magnetic sensors used in the
outer space application in term of size, power consumption, and proton irradiation
hardness.
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SUMMARY
Specifically outlining the work achieved in this PhD thesis, the work is organized into
separated chapters.
Chapter 1, we report on a background, purpose of this research, and flow chart of the
thesis.
Chapter 2 is an introduction on the different magnetic sensors, and description on the
characteristics of the Hall effect sensors.
In Chapter 3, we describe the advantages of the gallium nitride and the formation of the
two-dimensional electron gas in the AlGaN/GaN heterostructures. The quantum Hall
effect, which is the evidence of the two-dimensional electron gas existence, is
described.
In Chapter 4, we introduce the two mains harsh environments: space and nuclear
environments. Protons are the dominant particles in the outer space and neutrons in the
nuclear environment. We discuss in brief the interaction between the particles and the
materials and the fundamental radiation damage mechanisms in semiconductors. Finally,
we show harsh environment application fields of the magnetic sensors in general and
the Hall sensor in special. We showed the disadvantage of the currently used magnetic
sensors and the advantage of replacing these sensors by Hall effect sensors.
In Chapter 5, we studied the AlGaAs/GaAs heterostructures, AlInSb/InAsSb/AlInSb
quantum wells and AlGaN/GaN heterostructures based micro–Hall sensors at high
temperature. The use of the AlGaAs/GaAs at high temperature magnetic field sensing is
limited at a temperature of 250°C; in the other hand, the InAsSb quantum wells are poor
when the temperature exceeds 150°C. However, the micro–Hall sensors based
AlGaN/GaN are stable in term of magnetic sensitivity from cryogenic up to a
g

temperature of 400°C and expected to work up to temperature of 700°C. We fabricated
a new generation of Hall sensors based on two–dimensional materials such as MoS2 and
MoSe2. We studied the effect of the high–energy and high–flux proton irradiation on the
physical properties of the AlGaN/GaN and the AlInSb/InAsSb/AlInSb heterostructures
based micro–Hall sensors. AlGaN/GaN heterostructures based micro–Hall sensors show
stable magnetic sensitivity up to proton fluence of 1014 protons/cm2 but degradation in
the electrical properties. The magnetic sensitivity in the AlInSb/InAsSb/AlInSb
heterostructures based micro–Hall sensors irradiated by proton fluence of 1014
protons/cm2

decreases;

however,

due

to

their

high

carrier

mobility

the

AlInSb/InAsSb/AlInSb heterostructures based micro–Hall sensors were operational up
to proton fluence of 1016 proton/cm2.
In Chapter 6, the effect of annealing on the AlGaN/GaN heterostructures based
micro–Hall sensors was studied. Recovery of the electron mobility and a decrease in the
sheet resistance of the annealed micro–Hall sensors, as well as an enhancement in their
magnetic sensitivity were reported. Trap removal and an improvement in the crystal
quality by removing defects were confirmed through current–voltage measurements and
Raman spectroscopy, respectively. Cathodoluminescence measurements were carried
out at room temperature before and after annealing and showed improvement in the
band edge band emission of the GaN layer. After annealing the AlGaN/GaN
heterostructures based micro–Hall sensors irradiated by proton fluence of 1015
protons/cm2 became operational with improvements in its magnetic sensitivity.
Chapter 7 outlines the main discussion and conclusions of the thesis work and future
prospect.
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Chapter 1
General introduction
1-1 Background
Wide bandgap of GaN shows potential for stable operation at high temperatures [1-3].
Furthermore, GaN and related materials are expected to have a high tolerance for high-energy
particle irradiation because of their chemical stability. On the other hand, Weaver et al.
reported InAs/AlSb high-electron mobility transistor (HEMT) to be highly radiation-tolerant
compared with other GaAs/AlGaAs HEMT and related material systems [4]. Thus, GaN- and
InAsSb-related heterostructures are candidate for Hall sensors in harsh environment. To our
knowledge, however, no report exists addressing the systematic comparison of operation of
AlGaN/GaN and AlInSb/InAsSb/AlAsSb Hall sensors at high temperatures and in harsh
radiation environment.

1-2 Objective of this research
In the aim to find the operation limits of Hall sensors in harsh environment, we studied the
effect of high temperature, high–energy and high–flux proton irradiation on Hall sensors
based on gallium nitride (GaN), and indium antimonide (InSb) heterostructures. Two
heterostructures were reported in this study AlGaN/GaN and AlInSb/InAsSb/AlInSb
heterostructures. The AlGaN/GaN heterostructure micro–Hall sensors were fabricated by
metal organic chemical vapor deposition, and the sheet carrier density and electron mobility
at

room

temperature

were

7.36×1012cm-2

and

1775

cm2/Vs,

respectively.

The

AlInSb/InAsSb/AlInSb heterostructures were grown by molecular beam epitaxy on
semi–insulating GaAs (100) substrate, the sheet carrier density and electron mobility at room
temperature were 3.03×1012cm-2 and 39100 cm2/Vs, respectively.
4

This research includes experiments on the effect of high–temperatures and high–energy
radiation on the physical properties of these materials as well as the magneto–resistive
characteristics of micro–Hall sensors fabricated using these materials. Knowledge of the
effects of temperature and radiation on these materials is important for applications such as
satellites and nuclear power stations where radiation exists and may adversely affect device
operation.

1-3 Outline of doctoral thesis

General introduction

Introduction on magnetic sensors

Two dimensional electron gas heterostructures

Materials in harsh environment

Hall sensors for harsh environment

Effect of annealing on proton irradiated Hall sensors

General conclusion
Figure 1 Doctoral thesis flow chart.
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Chapter 2
Introduction to magnetic sensors
In this Chapter, we introduce the different magnetic sensors used in industry and their field of
application. Next, we focus on the characteristics of the Hall effect sensors, which is the main
component of this research, we describe the theoretical parameters which determine their
reliability in the standard condition.

2-1 Magnetic sensors
Nowadays, the magnetic sensors occupy a major place in our surroundings. They have lot of
applications such as a part of the consumer electronics (magnetic storage, electronic
compasses, etc…), in electronic navigation systems (aeronautics, space navigation [1], etc…),
in measurement systems and industrial control (position and current detections and
measurements, etc…). One of the important applications of the magnetic sensors in the past
was detecting the underwater mines during the 2nd world war. New applications, such as
handheld electronic compasses and magnetic ink readers, are now possible thanks to the
miniaturized sensors.
In fact, integrated technologies not only allow the manufacturing of the sensors with reduced
dimensions, but also the integration, on the same ship, the sensor and its measurement
interface. This permits significant cost reduction of large–scale production.
Numerous physical principles allow the magnetic field measurement. The main types of
sensors and their measuring ranges are shown in Figure 2.1.
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Figure 2.1 Operating ranges and application fields of magnetic sensors.

2-1-1 Superconducting Quantum Interference Device (SQUID)
The SQUID has been developed around 1962, it is the most sensitive low magnetic field
sensor with 15 orders of magnetic sensitivity magnitude (from femto–tesla to 9 tesla) [2].
SQUID is used in medical applications such as detecting the human brain neuro–magnetic
field. The main disadvantage of such a sensor is the cryogenic temperature of operation.

2-1-2 Search-coil
Search–coil is an induction sensor based on the induction Faraday law. The variation of the
magnetic field flux through the coil induces voltage given by

where N is

the turn numbers of the coil. The sensitivity of the search–coil depends on the material used,
the area, and the turn numbers of the coil. The main disadvantage of such a sensor is its
limitation for static or low frequency magnetic flux.
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2-1-3 Magneto–inductive sensor
The magneto–inductive sensor is a solenoid with magnetic material inside. When the current
flows inside the solenoid, it generates a magnetic field and induces a voltage. The value of
the inductance of the sensor deduced from the voltage induced and the initial current. An
external magnetic field

changes the value of the induced voltage by the sensed

magnetic field; therefore, it changes the magneto-inductance. Thereafter, the value of the
external magnetic field deduced from the variation of the magneto–inductance.

2-1-3 Magnetoresistor sensor
The magnetoresistor sensor is based on the variation of the resistance under applying an
external magnetic field due to Lorentz force. As a result, the Lorentz force deflects the path of
the moving free charge carrier as shown in Figure 2.2.

Figure 2.2 Origin of the magnetoresistive effect in semiconductors. (a) equipotential lines in
absence of external magnetic field; (b) the same lines after applying a magnetic field [3].

The increase in the path length as shown in Figure 2.2(b) causes a change in the material
resistivity. The resistance is given in function of the magnetic field ( ) by the equation
where
of the magnetic field,
and

is the resistance of the material in the absence

is the magnetoresistivity coefficient,

is geometrical coefficient given by

,
9

is the carrier mobility
is the sample length and

is the sample width. Semiconductors with high mobility like InSb and InAs are most
frequently used as magnetoresistor sensors.

2-1-4 Hall effect sensor
a- The Hall effect
The motion of electrons in a Hall effect sensor, when a magnetic field ( ) and an electric
field ( ) are applied, is described by the Lorentz equation:
(2.1)
where

is the elementray electron charge,

is its effective mass and

relaxation (scattering) rate. Under steady-state conditions,

is its

, equation (2.1) can

be written as:
(2.2)
Where

is the electron drift velocity. By multiplying both sides of the equation (2.2) by

the electron density

and the electron charge

. Each component of the current density

can be expressed as follows:
(2.3)
Where

and

the presence of the magnetic field (

called the cyclotron frequency of the electron in
). The magnetoconductivity tensor

for the

electrons is deduced from equation (2.3) as:
(2.4)
From equation (2.4) we conclude that the effects of the magnetic field on the charge transport
are twofold. First, the conductivity perpendicular to the magnetic field decreased by factor
. Second, the magnetic field generates a current transverse to the applied
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electric field, resulting in off–diagonal elements in the conductivity tensor. The off–diagonal
elements give rise to the Hall effect.
Considering the sample shown in Figure 2.3, where the electric field is applied along the
x–axis and the magnetic field along z–axis, electrons drift along the x–axis under the
influence of the electric field and experience a force in the y direction according to Lorentz’s
law. Therefore, a voltage rises in the y direction (Vy) called also as Hall voltage (VH). This
phenomenon is known as the Hall effect discovered by E. H. Hall in 1879 [4].
The charges drift and pile up on the two opposite sample surfaces perpendicular to the y axis,
due to the applied magnetic field, creating an electric field
Under the steady–state condition

opposite to the Lorentz force.

, the induced electric field

is deduced from the

equations (2.3) as:
(2.5)
The current measured in the x-direction is given by:
(2.6)

Figure 2.3 Geometry of a Hall effect measurement on a sample of thickness t and width w.

The electric field in the y-direction is externally controlled by
defines the Hall coefficient

and

. Therefore, one

as the ration:
(2.7)
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Using equations (2.5) and (2.6) combined with the equation (2.7), we deduce the Hall
coefficient as:
(2.8)
Where

is the carrier charge density. The sign of

depends of the sign of the charge, it

is negative when the type of carrier which contribute to the conduction are electrons. In
compensated semiconductor samples, where both electrons and holes are present, the
two-carrier model [5] gives the Hall coefficient.

b- The Van der Pauw technique
The Van der Pauw technique is used to measure the resistivity or the sheet resistance, this
technique was developed by L. J. Van der Pauw in 1958 [6]. The most common wafer–level
technique to measure the resistivity  is the four-point probe technique illustrated in Figure
2.4(a). For thin-film samples of finite size,

is given by
(2.8)

Where

is a correction factor that takes into account sample size, thickness and shape as

well as the orientation of the probes with respect to the sample borders.

is the distance

between each two successive probes.

Figure 2.4 The Van der Pauw technique used to measure the resistivity.

For an arbitrary shape sample shown in Figure 2.4(b), van der Pauw developed a method
12

based on conformal mapping to extract the resistivity of thin films. The resistivity is obtained
by solving the equation:
(2.9)
where

denotes the sample thickness. The resistances

are given by

and

and

in equation (2.9)

. Equation (2.9) can be solved

numerically but in symmetrically shaped structures such as the Greek-cross device, shown in
Figure 2.4(c), the resistivity  is obtained from:
(2.10)
By combining the two directions of current

it is possible to cancel the voltmeter offsets

and parasitic thermoelectric voltages. The resistivity is given by:
(2.11)
The sheet resistance is defined by

. To obtain a more precise value of the sheet

resistance, we use eight measurements of voltage yield the following eight values of
resistance:

(2.12)

We define RA and RB as:
(2.13)

RA and RB are related to the sheet resistance

through the following Van der Pauw

equation:
(2.14)
The sheet resistance (

) can be deduced by solving the last equation numerically, but it can
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be estimated from the following equation:
(2.15)

c- Magnetic sensitivity and magnetic field resolution of Hall sensors
The sensitivity of the Hall eﬀect device is the most crucial figure of merit of the sensor. The
absolute magnetic sensitivity of a Hall sensor is defined as:
(Unit in V/T)

(2.16)

(Unit in VA-1T-1)

(2.17)

and the supply-current-related sensitivity is given by [7]:

The magnetic resolution depends on the Hall voltage (

) and noise level (

). Johnson

noise is the main noise component [8] defined by:
(2.18)
where

is the Boltzmann constant, T is the absolute temperature,

bandwidth and

is the measurement

is the series resistance defined by:
(2.19)

For cross sample the series resistance is related to the sheet resistance by the relation:
(2.20)
where
voltage (

and

are respectively the length and the width of the sample. The ratio Hall

) to noise voltage (

) is defined by:
(2.21)

The Hall voltage is proportionally depending to the bias current and the external
perpendicular magnetic field according to the equation
deduce the Hall coefficient

by linear fitting of the graph

The minimum detectable magnetic field deduced when the ratio
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, from this equation we
.
is given by:

(2.22)
Another parameter that defines the reliability of the Hall sensor is the offset-equivalent
magnetic field. When the magnetic field is applied, the calculated voltage is sum of Hall
voltage and an undesired parasitic voltage called offset voltage:
(2.23)
The offset voltage is proportional to the input voltage and quasi independent on the magnetic
field and caused by geometrical and electrical asymmetries of the Hall sensor [9]. The
corresponding offset magnetic field is given by the following equation:
(2.24)

d- Offset reduction by spinning current technique
The offset can be canceled by means of calibration as long as the offset is constant. However,
during the Hall sensor application, mechanical stresses, temperature variations and aging
cause the sensor offset to fluctuate. The recalibration of the sensor is required, which is
unwanted during the operating time. The spinning current is a method to cancel or to reduce
the offset voltage without the need of the recalibration. This method based on measuring the
Hall voltage parallel to the current and to the magnetic field, when the current rotate and
change direction by angle of 90° in the clockwise direction, this gives four measurement
steps in a cross Hall sensor.

2-2 Conclusion
Different kinds of magnetic sensors were introduced in this chapter. Hall sensors have the
advantage of low mass and low power consumption compared with fluxgates, and linearity
and the albescence of pronounced hysteresis compared with GMR and AMR sensors.
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Chapter 3
Two-dimensional electron gas heterostructures
In this Chapter, we give an overview on the two-dimensional electron gas (2DEG) formation
in AlGaN/GaN heterostructure. We show the Hall sensors based on AlGaN/GaN
heterostructures

and

on

others

conventional

AlGaAs/GaAs

heterostructures

and

AlInSb/InAsSb/AlInSb quantum wells Hall sensors, we introduce new Hall sensor based on
two–dimensional MoSe2 flake. The quantum Hall effect, which is the evidence of the
two-dimensional electron gas existence, is describe.

3-1 Two-dimensional electron gas formation
Two semiconductors with different band gaps in contact form a heterojunction. There are
three types of heterojuctions: straddling gap (type I), staggered gap (type II) and broken gap
(type III), as shown in Figure 3.1.

Figure 3.1 Classification of heterojunctions: (a) straddling gap (type I), (b) staggered gap
(type II) and (c) broken gap (type III).

When two different semiconductors are in contact, a potential barrier (
interface. The potential barrier is given by

, where

) appear at the
and

represent

the electron affinities of the semiconductors. The conduction band offset is given by:
(3.1)
17

The valence band offset is simply given by:
(3.2)
In the case when the work function and the electron affinity of the semiconductor (1) are
higher than those of the semiconductor (2) and at the condition of

,

electrons diffuse from the semiconductor (2) to the semiconductor (1) and accumulate at the
interface. Holes cannot diffuse because of the sign of the barrier

. A two–dimensional

electron gas (2DEG) is formed in the semiconductor (1) at the interface, as shown in Figure
3.2. The two-dimensional gas formed in the interface is confined in the triangular well (or in
the rectangular well in the case of quantum wells).

Figure 3.2 Band structures of heterojunction between two different semiconductors with
.

3-2 2DEG formation in AlGaN/GaN heterostructures
We focus our discussion on the 2DEG formation in AlGaN/GaN heterostructures rather in
others 2DEG heterostructures shown in Chapter 5, since AlGaN/GaN heterostructures is our
primary interest.
The gallium nitride (GaN), at room temperature and atmospheric pressure, has the wurtzite
structure and exhibits hexagonal unit cell with a basis of four atoms, two Nitrogen and two
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Gallium atoms. The unit cell of the wurtzite structure is shown in Figure 3.3. It contains six
atoms and it is characterized by two lattice constants,

.

Figure 3.3 The wurtzite unit cell of GaN with lattice constants

[1].

Two different orientations of GaN crystals can be distinguished, Ga–face and N–face,
depending if the material is grown with Ga or N on top and corresponding to the
crystalline faces, due to the wurtzite structure non–inversion symmetry
in the c–axis direction (the [0001] direction).
Each atom in the GaN wurtzite is tetrahedral bonded to four atoms of the other type. There is
also an ionic contribution of the bound due to the large difference in electronegativity of Ga
and N atoms. Due to its high electronegativity, the nitrogen leads to a strong interaction
between the covalent bonds. The ionicity induced by the Coulomb potential of the N atomic
nucleus is responsible for the formation of a polarization effect in all the material along the
[0001] direction [1]. This effect is called spontaneous polarization

.

The GaN is considered an outstanding material for optoelectronics, high power, and high
frequency devices. The GaN has wide band-gap (3.39eV), which is responsible for the high
critical electric field (3.3 MV/cm), making the GaN of big advantage for high voltage devices
fabrication. Another advantage of the GaN and the wide–bandgap semiconductors in general
the low intrinsic electron concentration

. The value of

in GaN at room temperature is

of several orders of magnitude lower with respect to that of Si or GaAs, and comparable with
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that of SiC, enabling the increase of the maximum operation temperature of the devices made
of this material and have reduced leakage currents. The most important advantage of the GaN
materials is the possibility to grow on AlxGa1-xN alloy, forming AlxGa1-xN/GaN
heterostructures with a 2DEG at the interface between the AlxGa1-xN and the GaN. The
energy gap and the lattice constant (a) of the AlxGa1-xN alloy depend on the Aluminum
concentration x, as shown by equations (3.3) and (3.4) [2]:
(3.3)
(3.4)
In the addition of the spontaneous polarization in the GaN, the piezoelectric nature of the
materials (AlGaN and GaN) allows a strain inducing due to the lattice mismatch at the
interface between the AlGaN and GaN. The strain induced generates an additional
contribution to the polarization, namely, the piezoelectric polarization

. When the AlGaN

and GaN layers are in contact, a high sheet electron density appears at the interface due to the
presence of the piezoelectric polarization either without using n-doped layers; which reduces
the Coulomb scattering and enhances the electron mobility in the 2DEG.
The strength of the piezoelectric polarization

is given by the equation (3.5) [3]:
(3.5)

Where

are the lattice constants of the layer and the buffer layer, respectively,
are piezoelectric coefficients,

are the elastic constants. The term

is always negative, therefore, the piezoelectric polarization is negative for
tensile strain (

) and positive for compressive strain (

). In the case of the

Ga–face heterostructures, the spontaneous polarization vector of GaN will be negative
pointing towards the substrate and in the reverse direction in the case of the N–face. The
spontaneous and the piezoelectric polarization directions in the AlGaN/GaN heterostructures
in both case of Ga– and N–faces are shown in Figure 3.4. The polarization induced sheet
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charge density

, is shown also in the same figure. The sheet charge density in the

AlGaN/GaN heterostructures is given by:
(3.6)
The sheet charge density (

) is deponds on the Al mole fraction

of the AlGaN barrier

layer, and it is given by the equation:
(3.7)
Where

the polarization induced bound sheet charge density at the AlGaN/GaN

heterojunction,

is the Schottky barrier height,

is the Fermi level at the

heterojunction with respect to the GaN conduction band edge,
at the AlGaN/GaN interface,
thickness,

is conduction band offset

is the relative dielectric constant,

is the elementary charge and

is the AlGaN

is the vacuum permittivity.

Figure 3.4 Spontaneous and piezoelectric polarizations in Ga– and N–face strained and
relaxed AlGaN/GaN heterostructures [4].
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and

are given by:
–

(3.8)

The Fermi level is given by:
(3.9)
is the effective electron mass and

represent the ground subband level of the

2DEG:
(3.10)
The sheet electron density decreases by decreasing the Al concentration of the AlGaN barrier
layer or by decreasing its thickness.

3-3 Quantum Hall effect
Von Klitzing et al. discovered the quantum Hall effect in a two–dimensional electron gas
system in 1980 [5]. In a two–dimensional electron gas, when electrons are subjected to a
perpendicular magnetic field they follow circular cyclotron orbits with the cyclotron
frequency

, as shown in Figure 3.5(a). The kinetic energies allowed are discrete,

which results in the formation of Landau levels, as shown in Figure 3.5(b). The energy on the
nth level for a subband

is written as:
(3.11)
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Figure 3.5 (a) Trajectories of carriers at different magnetic fields and (b) schematic Landau
levels [6].

The density of states has its peaks at Landau levels and the regions between the Landau levels
are no allowed state. When the magnetic field increases the Landau levels move relative to
the Fermi energy, as shown in Figure 3.5(b).

Hall plateaus

Magnetoresistance (k)

Hall Resistance ( )
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3.75
800
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3.65
600
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SdH Oscillations
400
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8
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9
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Figure 3.6 The Hall resistance and the magetoresistance at 4K in AlGaN/GaN
heterostructures.

Between two successive Landau levels (between the state 1 to state 2 in the Figure 3.5(b)),
electrons cannot move to new states, resulting in the absence of scattering, Therefore, the
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magnetoresistance (the magnetic field dependence of the longitudinal resistance

)

falls to zero. Simultaneously, the Hall resistance (the magnetic field dependence of the
transversal resistance

) cannot change from the quantized value, resulting in a

constant Hall resistance so called Hall plateaus shown in Figure 3.6.

3-4 Conclusion
The advantage of using AlGaN/GaN heterostructures as Hall sensors is the formation of a
two-dimensional gas electron at the interface between the AlGaN and the GaN with high
electron mobility and high electron density in a thin active region. In addition, the wide band
gap of the AlGaN and GaN makes the heterostructures suitable for high temperature
application.
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Chapter 4
Materials in harsh environment
An extreme harsh environment includes extremes of temperature, pressure, shock, radiation,
and chemical attack. We focus our study on high temperature and radiation environments. In
nature, there are six different radiation environments, but we will discuss the two main
environments: the space and the nuclear environments.

4-1 Space environment
4-1-1 Temperature in the space environment
The temperature in the outer space is relative and it depends on the position from the sun. The
temperature at the first planet in our solar system surface is about 450°C and –170°C in the
morning and night sides of the planet, and the average temperature on the planet Pluto is
–230°C. The temperature in the vacuum in the space is relative to an object, and it is around
-270°C. Therefore, a magnetic sensor for space application should work in very wide range of
temperature

4-1-2 Radiation in the space environment
The main components of a space environment are the particles trapped in the Van Allen belts,
the cosmic rays, and the charged particles coming from solar flares. The Van Allen belts
surrounding the earth are shown in Figure 4.1. The inner radiation belt was discovered and
named by James Van Allen and his team using the satellite Explorer 1 launched on January 31,
1958 [1]. The Pioneer spacecraft discovered the outer belt. The inner belt contains mostly
protons with energy up to several hundred of MeV and the outer belt electrons with energy up
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to several hundred of MeV [2].
The diameters of the belts and the distances of some satellites from the earth surface are
shown in Figure 4.1 [3].

Figure 4.1 The Van Allen belts surrounding the earth.

The Cosmic rays are of three kinds, Galactic, solar, and terrestrial cosmic rays. Galactic
(outside solar system) contains elements from atomic number 1 to 92 (1%), alpha particles
(14%) and protons (85%) with low flux levels but energetic up to several hundreds of GeV.
Solar cosmic rays include both UV and X–rays, and energetic solar materials and terrestrial
cosmic rays are generated from collisions of primary cosmic radiation as it diffuses through
the earth's atmosphere [2].
Solar flares generally eject heavy ions, and protons with energies higher than 100 MeV.
Protons coming from solar flares are likely to be low energetic than those trapped in the Van
Allen belts, but the semiconductor based devices in satellites can be exposed to considerable
total fluence levels, same as what happened in October 1989 when a major flare caused a
significant damage to a number of spacecrafts.
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4-2 Nuclear environments
Gamma and neutron are the main constituents of the nuclear environments. Compared to the
space environment, much higher doses and fluxes are involved in the nuclear environments.
In nuclear reactors, the average values for neutrons and gamma bombardments are around
1010 – 1014 (cm-1 s-1) and 1010 (rad/h) (Energy> 10 keV), respectively. Nuclear weapons is a
nuclear environment, constituent of neutrons with energy extending 14MeV, X-rays, gamma
rays with energy up to 12MeV, alpha particles, and other secondary particles. Thermonuclear
reactors are the new generation of the energy sources in the world due to their high efficiency
compared with others sources of energy. The neutron fluence in a thermonuclear reactor
(ITER) varies from 1016 to 1020 (n/cm2) [4], two kind of neutrons exist in the thermonuclear
(ITER), fast neutrons with energy above 1MeV and thermal neutrons with energy below
0.1MeV [5].

4-3 Fundamental radiation damage mechanisms in semiconductors
Different physical processes are involved by particles–semiconductor interaction. High
energy particles and photons when interacting with the semiconductor can lose their kinetic
energies in two different ways, ionization and displacement damage [2]. The
particles–semiconductor interaction give rise to a degradation of the performance of the
devices used in the harsh environment. the incident radiation is characterized by its energy
and its particle flux (the flux can be expressed by fluence measured in units of
particle/surface area).

4-3-1 Ionization effect
Since electrons occuppy most of the atomic volume, interaction charged particles–electrons is
most likely to occur. In this process, a small amount of energy is transferred to an electron by
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the incoming particle then absorbed by the electron which jump from the valence to the
conduction band. The minimum energy required to create an electron in the conduction band
and hole in the valence band is the bandgap energy (

). The total dose levels in typical space

applications range from less than 5 krad (Si) for the International Space Station to as much as
1-Mrad(Si) for a spacecraft that goes through the intense regions of the earth’s radiation belts,
or in the radiation belts near Jupiter [6]. The units rad is defined as 100 ergs absorbed in 1 g
of a specific material (1 j/kg =1 gray = 100 rads).

4-3-2 Displacement damage
Displacement damage disrupts the regular atomic spacing by moving away the lattice atoms
from their initial positions, creating vacancies. The minimum energy (threshold energy)
needed to displace an atom from its initial position depends on the crystal binding energy
which is correlated with the reciprocal of the lattice spacing. The threshold energy of some
bulk semiconductors is shwon in Table 4.1.

Table 4.1 The displacement threshold energy of some bulk semiconductors [6,7].
Semiconductors
Threshold energy (eV)

InSb

InAs

GaAs

Si

GaN

4H-SiC

5.7–6.6

7.4

9.5

12.9

19.5

21.3

As we can see from Table 4.1 the GaN has higher displacement threshold energy than InSb,
GaAs and Si, which makes GaN based-devices more suitable for radiation environment.

4-3-3 Transmutation
Neutrons in thermonuclear environment are dived into fast and thermal neutrons. Fast
neutrons caused structure damage by creating defects in the crystal lattice contrariwise to the
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thermal neutrons, which are responsible of the transmutation of nucleus. As an example, the
gallium nitride during irradiation with thermal neutrons transmutes according to the
following nuclear reactions:

(4.1)

4-4 Magnetic sensors for harsh environments
4-4-1 Magnetic sensors for high temperature environment
The magnetic sensors are used in the oil and gas exploration systems [8], in the automotive
and aircraft engines [9], in the gas turbines as speed sensors [10], as a part of crack
monitoring system [11] and in the diagnostic system of the thermonuclear reactors [4]. In
such environments, the magnetic sensors should be tolerance to the high temperature and of a
good reliability. Figure 4.2 represents some high temperature applications where magnetic
sensors are used.

Figure 4.2 High temperature environments require magnetic sensing.
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Magnetic sensors are used also in some others harsh environment application, where they
should be tolerant not only against the high temperature but also against particles and/or
electromagnetic waves such as protons, gamma irradiation for space exploration applications
[12,13], against particles in charged particle accelerators as part of monitoring magnetic
fields systems [14] and neutrons for thermonuclear power stations diagnostic systems
[15,16].

4-4-2 Magnetic sensors for high proton irradiation environment
Monitoring of the magnetic field of planets and rocks in space is one of the various
applications of the magnetic sensors. Magnetic sensors for scientific space missions must
have detectivity less than 50 pTHz-1/2, and for the satellites attitude determination application,
they needs to have detectivity of about 100 nTHz-1/2 down towards few tens nTHz-1/2 [17].
Fluxgate and magnetoresistance based magnetic sensors such as anisotropic magnetoresistors
(AMR) and giant magnetoresistors (GMR) are the most used for space application nowadays
due to their high magnetic sensitivity. However, fluxgates have high mass and power
consumption that limits their use for space application. In addition, the use of AMR and
GMR for space application is limited by their inherent low-frequency noise, their relatively
poor linearity and pronounced hysteresis [17]. Hall sensors are promising for space
applications, due to their low cost, robustness, versatility and the possibility of their
integration in the same measurement ship, however, the detectivity is not sufficient,
compared to fluxgates. Improvement of the Hall sensors sensitivity and therefore their
detectivity can be achieved. Kunets et al. [18] have reported on micro-Hall sensor based InSb
based quantum well where the minimum detectable magnetic field is in sub-nano-Tesla (nT)
range at room temperature and high frequency. In addition, geometric enhancement [19] and
flux concentrator integration into the Hall sensors [20] can improve their sensitivity by 56
and 100 folds, respectively. One of the problems facing the use of these Hall sensors in space
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is the high electromagnetic and energetic particles coming from solar flares and/or cosmic
rays [2], dominated by proton particles.
As we can see in Figure 4.1, the satellites are positioned at regions where the proton flux is
minimum. The AP8 for solar minimum and maximum referred as AP8–MIN and AP8–MAX,
respectively, are models developed by NASA used for modulation of the trapped proton
population in the inner and the outer Van Allen belts [21]. Proton with energies higher or
equal to 100 keV, 1 MeV and 400 MeV are trapped at the inner and the outer Van Allen belts.
We estimated the average of the proton fluence during ten years from the proton flux given
by protons per second and per unit of surface (cm2) according to the AP8–MIN model. The
total proton fluences during 10 years estimated from the AP8–MIN model of proton with
different energies are shown in Figure 4.3.
For space applications, searchcoils are the most used for magnetic field sensing due to their
ability to measure weak magnetic fields. Searchcoils magnetometers are dedicated to the
space plasma characterization in order to provide a better understanding of problems such as
dynamics of the terrestrial magnetosphere and its interaction with the solar wind [22]. Some
of the space missions dedicated to plasma studies are CLUSTER that was launched in 2000,
and a complementary two satellites mission, called Double Star, launched in 2004, which
permit a better understanding of the Earth magnetosphere. Searchcoil was also used in
BepiColombo mission, to better understanding of the nearly unknown magnetosphere of
Mercury.
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Figure 4.3 The estimated proton fluences during 10 years in function of the earth radii, of
proton with energy equal or exceed (a) 100 keV, (b) 1.0 MeV and (c) 400 MeV.
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The trajectory of the CLUSTER and Double Star satellites are shown in Figure 4.4.

Figure 4.4 CLUSTER and Double Star satellites trajectory around the earth.

The estimation of the total proton fluence that these satellites are exposed to is impossible.
However, we can deduce the total proton fluence that satellites with fixed altitudes above the
earth surface are exposed to during a fixed period. In our study, we used a proton irradiation
fluence, which varies between the 1011 and 1016 protons/cm2, a values equivalent to years to
thousands of years of application lifetime of a satellite positioned in the low-earth orbit.

4-4-3 Magnetic sensors for high neutron irradiation environment
The ITER thermonuclear reactor is the new version of JET which represents the largest
tokomak existing, in the aim to increase its efficiency and reducing its size. The typical
neutron flux in ITER varies between 109 to 1013(n/cm2s) in relevant locations, a significant
fraction is 14MeV. The flux values in ITER represent 10 times higher than the neutron flux in
JET thermonuclear reactor; The neutron fluence in ITER varies between 1016 to 1020 (n/cm2)
over the ITER lifetime which is 1 million higher than the fluence in the JET reactor [4]. The
gamma dose rate in ITER varies between 10-2 to 102 (Gy/s) [4] which is 10 times higher than
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gamma irradiation in JET reactor. Figure 4.5 represents the cross section of ITER and
corresponding radiation flux at each position.
Two kinds of neutrons are present in ITER, fast neutrons with energy above 1MeV and
thermal neutrons with energy below 0.1MeV [5].

Figure 4.5 ITER radiation environment [23].

Table 4.2 resumes the irradiation fluences at different positions in ITER, the values are
extracted from figure 1 and reference [24].

Table 4.2 Radiation environment in the ITER.
Neutron irradiation

Location

Flux (n/cm2s-1)

Typical mag. diag. component

Fluences (n/cm2)

0.1 MeV 14 MeV 0.1 MeV 14 MeV

First wall

6×1014

6×1013

6×1021

6×1020

Blanket gap on vacuum vessel

[Mag. Coils]

1×1014

3×1012

1×1021

3×1019

Vacuum vessel (behind blanket)

[Mag. Loops]

2×1013

2×1011

2×1020

2×1018

Vacuum vessel (Inboard TFC side)

[Mag. loops]

1×1010

1×108

1×1017

1×1015
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The operating temperature of the components used for diagnostic in the in-vessel
environment is 150°C and 240°C during baking, but the components which are not well
cooled may get hotter [4].
The lifetime of ITER is 20 years, and the operational time is about 4700 hours [5], some of
the components in ITER are unchangeable during all the ITER lifetime. So, the components
used for diagnostics must be tolerant to high fluence neutron and gamma irradiations and
tolerant to high temperature. The role of the magnetic diagnostics is to measure and control
the plasma shape, which is a big challenge, compared with the magnetic diagnostics used in
the thermonuclear reactors used in present days. The magnetic diagnostic system must be of
high accuracy and high reliability.
Almost the sensors used in ITER are inductive except for those used in the ex-vessel.
Integration of these sensors is needed but they are sensitive to drifts, noise, radiation and
thermally noise induced voltage. It should be noted that new effects expected to appear in
ITER which are not encountered on present days reactors because of the high neutron
fluences. Two main effects concerning the inductive magnetic field sensors are [4]:
Radiation induced electrical degradation (RIED) and radiation-induced conductivity (RIC)
due to high dose of neutron irradiation particles.
Induced voltage and current in cables driven by thermal gradients and nuclear reaction in
mineral insulated cables, such as radiation-induced electromotive force (RIEMF), thermally
induced EMF (TIEMF) and radiation induced thermoelectric sensitivity (RITES).
The steady state magnetic diagnostic in fusion reactor is based on the measurement of the
magnetic field induced by current flowing through the plasma. In the currently reactors,
inductive pick-up coils with analog integration of signal are used but this kind of sensors will
be insufficient accurate for future magnetic devices (ITER). Very slow movement of the
plasma towards the wall will be partially unrecognizable because the signal obtained will be
bellow the drift level of the integrator.
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Ďuran et al.[15] studied the InAsxSb1-x doped tin based Hall sensors which are stable under
neutron irradiation compared with InSb based Hall sensors doped with others doping agent.
Two processes affect the stability of the Hall sensors. First, the thermal neutrons cause the
transmutation of indium into tin. Tin created by the transmutation act as donors in InSb
increasing the free charge carrier density and therefore decreasing in the sensitivity of the
Hall sensor. Second, the fast neutron cause structure damage by creating defects in the crystal
lattice causing acceptor doping which has effect to decrease the free charge carrier density
and therefore increasing the Hall sensitivity. The temperature dependence of normalized
sensitivity of sensors is shown in Figure 4.6. The sensor studied is shown in the inset of the
same figure.

Figure 4.6 Normalized Sensitivity of tested sensors. The inset represents the Hall sensor
sample mounted on aluminum support [15].

The sensitivity of sensor studied decreased by factor of 52% at 200°C. These sensors were
irradiated during 20 days in LVR fission reactor, the sensitivity, the offset voltage and
temperature of sensors were continuously monitored during the irradiation.
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Figure 4.7 Evolution of Hall sensors parameters during irradiation. (a) Temperature of the
sensors. (b) Sensitivity of the sensors normalized to their pre-irradiation values and
recalculated to room temperature [15].

The reactor operational temperature was not constant and change during operation as shown
in Figure 4.7(a). The Figure 4.7(b) shows the variation of the sensors sensitivity recalculated
to room temperature and normalized to its pre-irradiation value.
The sensitivity of the samples was down to about 75% after 100 hours irradiation time, the
experiment was stopped because of operation error. The total neutron irradiation and
remaining sensitivity of the three samples are shown in Table 4.3. The magnetic sensitivities
of the sensors irradiated by fast neutron in U-120M remain stable.

Table 4.3 The remaining sensitivity of three Hall sensor samples en function of neutron
irradiation fluences [15].
Hall sensor

Total neutron fluence (cm-2)

Fast neutron fluence (cm-2)

Remaining

[ 0 - 20MeV ]

[ 0.1 - 20MeV ]

sensitivity (%)

16

73.2

MSL05-6

7.2×10

MSL05-7

7.2×1016

2.9×1016

75.2

MSL05-8

16

16

77.9

8.0×10

3.6×10

16

2.4×10

The total neutron fluence used in Ref.24 was in order of 1016 cm-2 exceeding the total
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expected ITER lifetime’s fluence at low field side location used for steady state magnetic
sensors which is 6.4×1015 cm-2. The sensors showed 30% decay in sensitivity after thermal
neutron irradiation but no change after fast neutron irradiation therefore the transmutation is
the dominant process affecting the InAsxSb1-x doped tin based Hall effect sensor sensitivity.
The studies of the effect of neutron irradiation on AlGaN/GaN heterostructures are very few,
Zhang et al. studied the effect of neutron irradiation on the 2DEG AlGaN/GaN [25]. They
remark sharply drop in the mobility after low fluence of 6.13×1015 n·cm-2 irradiation while
the sheet carrier density remains the same and drop slightly for a fluence of 3.66×1016 n·cm-2.
They attributed the degradation of the mobility to the defects induced by neutron irradiation.
The irradiation does not cause the distortion of the crystal structure only but also introduce
charged defect centers such as displacement defects and point defects. The effect of 1 MeV
neutron irradiation at fluence up to 1015 n·cm-2 on SiN-passivated AlGaN/GaN was reported
by Gu et al. [26]. There was negligible change in drain source current after current-voltage
characteristics either at high fluence. They suggested that the passivation shields most of the
irradiation damage. These studies showed that AlGaN/GaN heterostructures could be used as
Hall sensors for thermonuclear (ITER) diagnostic system to measure the magnetic field at
low field side location.

4-5 Conclusion
Due to high threshold displacement energy of the GaN, the electronic devices based on this
material are suitable for harsh environment applications such as space and thermonuclear
environments. According to previous study, AlGaN/GaN heterostructures can be used as part
of the diagnostic system in the thermonuclear reactors. AlGaN/GaN heterostructures based
micro-Hall sensors are suitable also for space environment, as we will see in the next chapter.
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Chapter 5
Hall effect sensors for harsh environment
In this Chapter, we report the high temperature and high–energy and high–flux proton
irradiation dependences of the electrical and the magnetoelectrical properties of micro–Hall
sensors fabricated using AlGaAs/GaAs heterostructures, InAsSb quantum wells and
AlGaN/GaN heterostructures. The micro–Hall sensors based on AlGaN/GaN heterostructures
are most promising in high temperature and proton fluence up to 1014 (protons/cm2), however
the InAsSb quantum wells based micro–Hall sensors can work up to proton fluence 100 folds
higher but at temperature lower than 150°C.

5-1 High Temperature Hall sensors
Hall effect sensors are the most widely used magnetic sensors, and are commonly fabricated
using narrow band-gap semiconductors such as Si, InAs and InSb. However, these materials
based Hall sensors are unstable and inoperable at elevated temperatures due to the onset of
intrinsic conduction and physical degradation of the semiconducting materials. Silicon
carbide could potentially be used for fabricating Hall sensors operating at high temperature
because of its large band gap, high electron saturation velocity, and excellent thermal stability
at high temperatures. However, the need for precise control of dopants and the large thickness
of the conducting layers of SiC severely limits its sensitivity and stability at high
temperatures. The gallium nitride– (GaN) based wide band-gap (3.4eV) semiconductors have
high breakdown electric field strength and are robust at elevated temperatures. The high
temperature electrical characteristics of AlGaN/GaN heterostructure micro–Hall effect
sensors which offer the advantages of wide–band–gap materials that are stable to a least
400°C, as well as an extremely thin 2DEG conduction layer for ultrahigh magnetic sensitivity,
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were

tested

here

and

compared

with

AlGaAs/GaAs

heterostructure

and

AlInSb/InAsSb/AlInSb quantum well structure–based Hall devices. The equipment used for
the magnetoelectrical characterizations from room temperature to 400oC is shown in Figure
5.1.

Figure 5.1 Equipment used for the magnetoelectrical characterizations.

5-1-1 AlGaAs/GaAs heterostructures based Hall sensors
a- AlGaAs/GaAs heterostructures
The structure of the AlGaAs/GaAs heterostructure based micro–Hall sensors is shown in
Figure 5.2. Two-dimensional electron gas is formed between the InGaAs and the AlGaAs
layers. InGaAs was used instead the GaAs. Addition of the undoped AlGaAs between
n–AlGaAs and InGaAs reduce the impurity scattering. Electron mobility is about
8×103cm2V-1s-1 at room temperature. The size of the active area of the devices was 5m
×5m. The yellow top layer on the active area of the AlGaAs/GaAs heterostructures based
micro-Hall sensors shown in Figure 5.2 is deposited for application these sensors for
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biosensing application.

Figure 5.2 Structure of AlGaAs/GaAs heterostructures based micro-Hall sensors.

b- High temperature characterization
The variation of the sheet resistance and the electron mobility are shown in Figure 5.3. The
graphs have two behaviors: at temperature low than 150°C the sheet resistance increase and
the mobility decreases due to the electron–phonon scattering. When the temperature exceeds
the 150°C, the sheet resistance decreases and the electron mobility drops to a value of
65cm2/Vs at 250°C due to the fast increase of the sheet electron density, as shown in Figure
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Figure 5.3 Temperature dependence of (a) the sheet resistance and (b) the electron mobility,
in AlGaAs/GaAs heterostructures based micro-Hall sensor.
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Figure 5.4(a) shows the temperature dependence of the sheet electron density. Fast increase in
the sheet electron density, when the temperature exceeds 250°C, caused by thermal activation
of electrons to the conduction bands leads to magnetic sensitivity drop at high temperature, as
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shown in Figure 5.4(b).
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Figure 5.4 Temperature dependence of (a) the sheet electron density and (b) the magnetic
sensitivity of AlGaAs/GaAs heterostructures based micro-Hall sensor.

5-1-2 AlInSb/InAsSb/AlInSb quantum well based Hall sensors
a- AlInSb/InAsSb/AlInSb quantum well heterostructures
As shown in Figure 5.5, InAsSb layer of thickness of 100 nm is sandwiched between larger
bandgapped AlInSb layers. Layers were grown by molecular beam epitaxy on semiinsulating
GaAs (100) substrate. Electrons are confined in the 100 nm InAsSb layer forming a quantum
well. Three AlInSb/InAsSb/AlInSb quantum well samples with Sn-doping levels of 5×1016,
7×1016 and 1017 cm-3 referenced by K3875, K3924 and K3960, respectively, were used in this
study. The size of the active area of these micro-Hall sensors was 50×50 m2.
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Figure 5.5 Structure of AlInSb/InAsSb/AlInSb quantum well micro-Hall sensors.

b- High temperature characterization
The sheet resistance in the quantum well samples decreases with increasing the temperature,
as shown in Figure 5.6(a), due to the sheet carrier increases with increasing temperature, as
shown in Figure 5.7(a), caused by the thermal activation of the carriers. Optical phonon
scattering is the dominant scattering at high temperature in the InAsSb quantum wells caused
the carrier mobility to decrease with increasing the temperature as shown in the Figure 5.6(b).
The quantum well with the lower doping exhibits the lower sheet carrier density and the
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Figure 5.6 Temperature dependence of (a) the sheet resistance and (b) the electron mobility,
in InAsSb quantum well based micro-Hall sensor of different doping level.

The magnetic sensitivity, represented in the Figure 5.7(b), and which is inversely proportional
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Figure 5.7 Temperature dependence of (a) the sheet electron density and (b) the magnetic
sensitivity of InAsSb quantum well based micro-Hall sensor of different doping level.

5-1-3 AlGaN/GaN heterostructures based Hall sensors
a- AlGaN/GaN heterostructures
Figure 5.8 shows the structure of the AlGaN/GaN samples used in this study. The high
electron mobility transistor (HEMT) structures were grown by metal organic chemical vapor
deposition (MOCVD). Two structures were used: UID–sample where unintentionally doped
AlGaN layer was grown on 2 m GaN layer, as shown in Figure 5.8(a) and Si–doped sample
where the structure consists of 2 μm undoped GaN buffer layer and a 25 nm AlGaN barrier
layer doped with Si to 4×1018 cm-3 sandwiched between two undoped AlGaN layers as shown
in Figure 5.8(b).
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Figure 5.8 Structure of AlxGa1-xN/GaN micro-Hall sensors.

b- High temperature characterization
The variation of the sheet resistances of the UID– and the Si–doped micro-Hall sensors as
function of the temperature are shown in Figure 5.9(a). The samples have active area of 5×5
m2. The sheet resistance (Rsh) increased with increasing temperature according to the
power-law equation (5.1) with power indices of –2.45 and –2.44 for UID– and the Si–doped
samples, respectively. The values of the power indices are consistent with those reported by
Liu et al. [1] and imply that the predominant scattering was optical phonon scattering.
(5.1)
and
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Figure 5.9 Temperature dependence of (a) the sheet resistance and (b) the electron mobility,
in AlGaN/GaN heterostructures based micro–Hall sensors.
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The electron mobility, shown in Figure 5.9(b), was about 1620 and 1560 (cm2V-1s-1) at room
temperature in UID– and the Si–doped samples, respectively. The mobility decreases with
increasing temperature in both samples, due to the optical phonon scattering. The Si–doped
micro–Hall sensor has lower electron mobility due to higher electron density as shown in
Figure 5.10(a). The electron mobility was about 250 and 280 (cm2V-1s-1) at 400°C in UID and
the Si-Doped samples, respectively, translating the faster decrease of the electron mobility in
the UID– micro–Hall sensor. This behavior was explained by the increase of the residual
carriers in the background at high temperature, which affect the electron mobility. The
background carriers have a severe effect in the sample of lower electron density [2].
The sheet electron density in both UID– and the Si–doped micro–Hall sensors slightly
decrease with increasing temperature probably due to the reduction in the polarization
(probably both spontaneous and piezoelectric) charge caused by the lattice expansion with the
increase in temperature [3]. Due to slight variation in the sheet electron density, the magnetic
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Figure 5.10 Temperature dependence of (a) the sheet electron density and (b) the magnetic
sensitivity of AlGaN/GaN heterostructures based micro–Hall sensors.
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c- Size dependence magnetoelectrical characterizations
The magnetoelectrical properties of AlGaN/GaN based micro–Hall sensors of structure
shown in Figure 5.8(a) and with different mesa size, as shown in Figure 5.11, were studied.

Figure 5.11 AlGaN/GaN micro–Hall sensors with active area of (a) 20×20m2, (b) 5×5m2
and (c) 1×1m2.

Figure 5.12 represents the temperature dependence of the series resistance of the three
samples measured using Keitheley 2000 Multimeter between (1) and (3) shown in Figure
5.11(a). The series resistance is found to follow the sheet resistance curve shape multiplied by
geometric factor, in the case of the active area 1×1m2 this factor was equal to about 26; 15
in the case of mesa of 5×5m2 sample and about 6.5 for 20×20m2.
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Figure 5.11 Temperature dependence of the series resistance of AlGaN/GaN micro–Hall
sensor of different mesa sizes.

51

The series resistance was fitted according to the Callendar–Van Dusen equation given by:
(5.2)
Where

is the temperature at 0°C,

celcius (°C).

and

and

are parameters and

is the temperature in

are deduced from the fitting of the series resistance and resumed in

Table 5.1.
RTD is analyzing resistance temperature detectors made of platinum above 0°C. The
temperature sensitivity shown in Table 5.1 is measured according to the following equation
[4]:
(5.3)
The AlGaN/GaN heterostructures temperature sensitivity was higher in the sensor with active
area of 20×20m2 and exceeds the values reported in the reference [4]. Our sample’s
temperature sensitivity was three times higher, near room temperature, than the temperature
sensitivity of conventional RTD sensors and was seven times higher at temperature of 400°C.

Table 5.1 Fitting parameters for the series resistance of AlGaN/GaN micro–Hall sensors.
Samples

Sensitivity
RT

400°C

AlGaN/GaN [1×1m2]

10.94

0.0071

2.74×10-5

0.0084

0.0290

AlGaN/GaN [5×5m2]

5.49

0.0110

1.66×10-5

0.0118

0.0243

AlGaN/GaN [20×20m2]

2.3

0.0113

1.73×10-5

0.0121

0.0251

RTD

0.1

0.0039

–5.8×10-7

0.0038

0.0034

The absolute magnetic sensitivity was stable in the three samples as shown in Figure 5.13.
The sample with higher mesa size showed better linearity of the absolute magnetic sensitivity
due to its lowest offset voltage as shown in Figure 5.14.
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Figure 5.13 Temperature dependence of the magnetic sensibility of AlGaN/GaN micro–Hall
sensors with active area of (a) 20×20m2, (b) 5×5m2 and (c) 1×1m2.

The offset voltage increases with increasing the temperature and the bias current. The offset
voltage was higher in the sample of active area of 1×1m2 due to its high series resistance.
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Figure 5.14 Temperature dependence of the offset voltage of AlGaN/GaN micro–Hall sensors
with active area of (a) 20×20m2, (b) 5×5m2 and (c) 1×1m2.

To eliminate the offset voltage the spinning current method was used. The bias current is
switched in four directions, for each direction, the voltage perpendicular to current is
measured. The residual offset voltage after applying this method for each sample is shown in
Figures 5.15. The black plots in Figure 5.15 correspond to the spinning current method with
taking into account the direction of the magnetic field, positive and negative magnetic field
(eight measurements as described in Chapter 2). The residual offset voltage was minimal
using the second method.
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Figure 5.15 Temperature dependence of the residual offset voltage of AlGaN/GaN
micro–Hall sensors with active area of (a) 20×20m2, (b) 5×5m2 and (c) 1×1m2.

The current and temperature dependences of the resolution of our micro–Hall sensors are
shown in Figure 5.16. The sample with active area of 20×20m2 showed the lowest
detectable magnetic field

(i.e., the highest magnetic resolution) and the sample with

smallest active area size (1×1m2) showed the lowest resolution due to its high series
resistance.
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Figure 5.16 Temperature dependence of the minimum magnetic field of AlGaN/GaN
micro–Hall sensors with active area of (a) 20×20m2, (b) 5×5m2 and (c) 1×1m2.

5-1-4 AlGaN/GaN versus GaAs and InAsSb based micro–Hall sensors
Figure 5.17 shows a comparison of the sensitivity of AlGaN/GaN, AlGaAs/GaAs and InAsSb
QW micro-Hall sensors with respect to temperature. The AlGaN/GaN micro–Hall sensors
operate up to 400°C with an SCRS of 67 VA-1T-1, whereas sensors fabricated using the
narrower band–gap sensors degrade from ~150°C. The AlGaAs/GaAs Hall sensors showed a
relatively high SCRS and were stable up to ~200°C, after which the devices failed. The
sensitivity of AlInSb/InAsSb/AlInSb QW Hall sensors at room temperature was high, at 2540
VA-1T-1.
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Figure 5.17 Temperature dependence of the magnetic sensitivity.

5-1-5 Two-dimensional materials based Hall sensors
Recently, researchers interest in the two-dimensional (2D) materials because of their potential
for a wide range of electronic devices. In general, the higher the mobility of the
semiconductor used, and the thinner the active region, the better the Hall device, making the
2D materials good candidates as new generation of Hall sensors.

a- Metal/Molybdenum–dichalcogenide based Hall sensors fabrication
We fabricated four-terminal devices (Ti/ MoSe2, Ti/ MoS2 and Ti/ Au/ MoSe2), based on
molybdenum diselenide (MoSe2) and molybdenum disulphide (MoS2). For the fabrication
process we used 50 nm titanium (Ti) electrodes deposited by electron-beam evaporation at
room temperature, for the fabrication of Ti/ MoSe2 and Ti/ MoS2 devices, and 30 nm titanium
(Ti) followed by deposition of 100 nm gold (Au) electrodes, for the fabrication of Ti/ Au/
MoSe2 devices.
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Figure 5.18 Schema of the MoSe2 Multilayer transfer on the Hall sensor electrodes.

The electrodes were deposited on silicon substrates (doped p+, conductivity: 0.003–0.007
Ωcm) covered with 300 nm of thermally oxidized silicon dioxide (SiO2). We transferred
few-layered flakes of natural MoSe2 (HQgraphene, Netherlands) and MoS2 onto Ti electrodes
using PDMS (Dow Corning, Toray Co., Ltd) by mechanical exfoliation, as shown in Figure
5.18. Finally, the Ti/ MoSe2 and the Ti/ MoS2 devices were annealed at 400°C under H2+Ar
gas atmosphere for two hours.

b- Magnetoelectrical characterizations of the MoSe2 based Hall sensors
The current–voltage characteristics of the Hall sensors based on MoSe2 and MoS2 are shown
in Figure 5.19. The Ti/MoSe2 and Ti/Au/MoSe2 structures showed higher saturation current,
and best linearity and symmetry in the current voltage characteristics, as shown in Figure
5.19(a) and Figure 5.19(a), compared with the Ti/MoS2 structure that showed Schottky
contact behavior as shown in the inset of Figure 5.19(c). The Schottky contact is due to the
pinning of the Fermi level at the conduction band in the MoS2, according to the literature.
Improvement by three orders in the saturation current was observed in both devices Ti/MoSe2
and Ti/Au/MoSe2 due to contact/flake contact enhancement by annealing.
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Figure 5.19 Current voltage characteristics of the (a) Ti/MoSe2 and (b) Ti/Au/MoSe2 before
and after annealing; and (c) Ti/MoSe2 before annealing, the inset shows the Schottky
behavior of the current.

The electrical properties of the devices such as sheet resistance, mobility, and sheet carrier
density were calculated using Hall effect measurement, the results are shown in Table 5.2.

Table 5.2 The electrical properties of the multilayer MoSe2 based Hall sensor.
Ti/MoSe2

Ti/Au/MoSe2

Sheet resistance (k/□)

3.93

9.01

Series resistance (k)

9.98

18.05

4.24×1013

2.02×1013

37.7

34.3

Sheet carrier density (cm-2)
Mobility (cm2/Vs)
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Figure 5.20 (a) and (b) show the current and the magnetic field dependence of the Hall
voltage in the Ti/MoSe2 and Ti/Au/MoSe2, showed high magnetic sensitivity, as shown in the
inset of Figure 5.20(b), due to its lower sheet carrier density but bad linearity of the Hall
voltage due to its high offset voltage as represented in the inset of Figure 5.21(b). The
magnetic sensitivity were about 10 and 60 VA-1T-1 in Ti/MoSe2 and Ti/Au/MoSe2 Hall
sensors, respectively. The minimum detectable magnetic field of both Hall sensors Ti/MoSe2
and Ti/Au/MoSe2 is shown in Figure 5.21(a) and Figure 5.21(b), respectively.

16

Ibias = 80 A

0.12

1.2

Ibias = 100 A

8

Hall voltage (mV)

SI (V/AT)

Hall voltage (mV)

0.15

180

Ibias = 30 A

12

4
0

0 10 20 30 40 50 60 70 80 90 100

Current (A)

0.09
0.06
0.03

(a)

0.00
0

20

40

60

80

100

120

Magnetic field (mT)

1.0

Ibias = 30 A

150

Ibias = 80 A

SI (V/AT)

0.18

120

Ibias = 100 A

90
60

0.8

30
0

0 10 20 30 40 50 60 70 80 90 100

Current (A)

0.6
0.4
0.2

(b)

0.0
0

140

20

40

60

80

100

120

Magnetic field (mT)

140

Figure 5.20 Hall voltage versus the magnetic field measured at different values of the current
in the (a) Ti/MoSe2 and (b) Ti/Au/MoSe2. Insets: show the related magnetic sensitivity.
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60

5-2 High proton energy irradiation effect on Hall sensors
Hall sensors based on materials of high displacement energy are suitable for harsh
environment. As shown in Table 4.1, GaN and SiC materials are more suitable for
high-energy irradiation environment. The high electron density in GaN based 2DEG
heterostructures, in addition to the GaN high displacement energy, enhances their resistance
against irradiation, as we will see later. Zinc oxide (ZnO) has higher displacement threshold
energy (50eV for Zn atoms and 55eV for O atoms) [5] and therefore high resistance against
the irradiation. In addition, MgZnO/ZnO 2DEG heterostructures may have better resistance
to its higher electron density compared with bulk ZnO, however, their low mobility,
compared with AlGaN/GaN heterostructures as example, may limits their employment for
harsh environment applications.
In this part, we discuss our magnetoelectrical properties results of the AlGaN/GaN
heterostructures and InAsSb quantum well based micro-Hall sensors against the proton
irradiation.

5-2-1 Proton implantation system
Ion-implantation facility at Takasaki Ion Accelerators for Advanced Radiation Application
(TIARA), JAEA was used for proton irradiation. The samples were placed in a vacuum
chamber and irradiated with a range of proton doses. Using Stopping and Range of Ions in
Matter (SRIM) simulations for calculation of the proton projection range, 98% of the
implanted protons at 380 keV penetrated to a distance of 2.99 μm through the InAsSb
quantum well heterostructures and to a distance of 3.96 μm through the heterostructures
AlGaN/GaN.
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5-2-2 Proton implantation in AlGaN/GaN heterostructures based micro-Hall sensors
a- Magnetoelectric characterizations
The AlGaN/GaN heterostructures based micro–Hall sensors, the UID– and Si–doped
micro–Hall sensors, were irradiated with proton energy of 380keV and with proton fluence
which varies between 1011 and 1016 (protons/cm2).
As shown in Figure 5.22 (a) the absolute sensitivity (SA) of the sample irradiated by 1014
protons/cm2 at different drive current values was almost stable. The sheet electron density
(Ns) decreased slightly after irradiation, as shown in Figure 5.24, which explains the stability
of the absolute sensitivity since it is related to the sheet electron density according to the
equation
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Figure 5.22 Variation of Hall voltage versus magnetic field, and magnetic sensitivity of the
micro-Hall sensor versus drive current, the filled shapes belong to sample before irradiation
and hollow shapes to sample irradiation with 1014 (protons/cm2) proton fluence.

The variation of the sheet resistances of the UID– and the Si–Doped micro–Hall sensors as
function of proton fluence are shown in Figure 5.23(a). The sheet resistance was found to
increase with increasing the proton fluences, which suggests the generation of crystalline
damage into the AlGaN/GaN heterostructure.
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Figure 5.23 Proton fluence dependence of (a) the sheet resistance and (b) the electron
mobility, in AlGaN/GaN heterostructures based micro-Hall sensors.

A marked increase of sheet resistance was found above fluence of 1014 cm-2. It was not
possible to measure the electrical characteristics of samples irradiated with 1015 and 1016 cm-2
because they exhibited extremely high resistance. The sheet resistance increased more in the
UID– sample than in the Si–doped sample because of its slight low sheet electron density
compared with the Si–doped sample. Figure 5.23(b) shows the variation of the 2DEG
electron mobility with proton dose. The electron mobility gradually decreased with increasing
proton dose.
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Figure 5. 24 Proton fluence dependence of (a) the sheet electron density and (b) the magnetic
sensitivity, in AlGaN/GaN heterostructures based micro-Hall sensors.
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Slight increase in the sheet electron density was observed when the proton fluence varies
between 1011 and 1013 (protons/cm2) and a decreased close to the initial value at 1014
(proton/cm2), as shown in Figure 5.24(a). This behavior depends on the nature of defects
created near the 2DEG (nitrogen or gallium defects). Creation of nitrogen vacancies doped
the GaN n–type and it can enhance the 2DEG electron density. Polyakov et al. [6] report the
same behavior in the neutron irradiated AlGaN/GaN heterostructures, the increases in the
2DEG electron density at low dose was explained by the introduction of shallow centers in
the AlGaN layer and which act as modulation doping. The magnetic sensitivity was almost
unchanged as shown in Figure 5.24(b) due to the slight variation of the sheet electron density
after proton irradiation.

b- X-ray diffraction characterization
The effects of proton irradiation on the crystallinity of AlGaN/GaN heterostructures were
examined by X–ray diffraction (XRD) measurements as shown in the in 2θ–ω scan in Figure
5.25. The results show the XRD peaks of the reference and the 1014 cm-2 dose proton samples,
which are, assigned as XRD peaks from the GaN layer based on the diffraction angles. These
results showed that the XRD peaks remained after irradiation with a dose of 1014 cm-2. It
should be noted that an additional shoulder in lower angle side of irradiated sample was
observed. A similar shoulder was reported after 2 MeV irradiation by Sonia et al [7], and
attributed to the generation of interstitial defects in the heterostructure. Although our XRD
results suggest the generation of proton irradiation effects in our AlGaN/GaN structures, it is
difficult to directly connect the XRD results with the electrical characteristics because the
electrical characteristics are sensitive to the 2DEG region, whereas the XRD signal is from
whole of the sample.
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Figure 5. 25 X-ray diffraction spectrum in 2θ-ω scan of reference and proton irradiated
samples. Dashed lines are based-on pseudo Voigt functions.

c- Low temperature characterization
The magnetoresistance measurements were performed in a cryogenic liquid helium cryostat
from 1.6 to 300K with magnetic fields of up to 10 T produced by a superconductor magnet,
the equipment is shown in Figure 5.26. The electrical characterizations were performed using
a B1500A semiconductor device analyzer.

Figure 5. 26 Cryogenic liquid helium cryostat from 1.6 to 300K.
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Figure 5.27 shows the Hall resistance and the magetoresistance at 4K and using current drive
of 20µA of the unirradiated AlGaN/GaN heterostructures based micro-Hall sensors.
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Figure 5. 27 The Hall resistance and the magetoresistance at 4K and using current drive of
20µA of the unirradiated AlGaN/GaN heterostructures based micro-Hall sensors.

The magnetoresistance showed three behaviors: Weak localization at very low magnetic field,
electron–electron interaction, and Shubnikov de Haas oscillations begin at around 4T.
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Figure 5.28 Quantum Hall resistances as a function of magnetic field at (a) two values of
temperature and current fixed to 20A and (b) two values of current and temperature fixed to
4K, in AlGaN/GaN micro–Hall sensors.
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The decrease of the minima in the oscillations indicates the absence of parallel conduction.
The sample showed clear landau levels started at 5T, and which started to disappear at 14K,
as shown in Figure 5.28(a).
The temperature and the current dependences of the quantum Hall resistance in the
unirradiated AlGaN/GaN heterostructures based micro-Hall sensors are shown in Figure 5.28.
The disappearance of the Landau plateaus corresponds to electron heating phenomenon [8].
A linear dependence of the magnetoresistance as function of square of the magnetic field, as
shown in Figure 5.29, was observed in the unirradiated AlGaN/GaN heterostructures based
micro–Hall sensor, which corresponds to electron–electron interaction according to the
equation (5.4):
μ
where

(5.4)

represent the magnetoresistivity,

is the mobility and

is the resistivity at zero magnetic field, μ

is the correction term due to electron–electron interaction at

different temperatures.
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Figure 5.29 The magnetoresistance versus square of the magnetic field in the unirradiated
sample.

Temperature–dependent SdH oscillations are shown in the Figure 5.30 for the non–irradiated
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sample. The oscillations became more pronounced at higher magnetic fields and tended to
damp with increasing the temperature. The oscillating portion of the magnetoresistance can
be expressed as:
ω

where ω

(5.5)

ω

is the cyclotron frequency,

the quantum scattering time,

the effective mass at the Fermi level,

q

ω .

We determined the effective mass from the temperature dependence of the oscillating
component amplitude, shown in the inset of Figure 5.30 at a fixed magnetic field. The
amplitude A of the SdH can be given by:
(5.6)
where C is a temperature independent term, by plotting ln(A/T) versus T we deduce directly
the effective mass from the slope which is equal to

. In order to obtain the

quantum scattering we plot the equation:
(5.7)
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Figure 5.28 Shubnikov de Haas oscillations at different temperature values. The inset shows
oscillating component of the magnetoresistance.

The effective mass of the sample before irradiation is approximately 0.20 me at 6.3 Tesla.
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And the quantum scattering time equal to 63.8fs a value close to those reported before [9,10].
The classical scattering time
equation μ

is experimentally determined from the mobility using the

and it is approximately equal to 1,38ps. The ratio

provides

information about the dominant elastic scattering process.
The Van der Pauw measurements were carried out from 5K to room temperature, with a
100µA drive current for non-irradiated samples and 30µA for irradiated ones. As shown in
Figure 5.31(a), the sheet electron density before and after irradiation was stable over all the
temperatures studied with a slight increase near room temperature (RT). The increase in the
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Figure 5. 31 Temperature dependence of (a) the sheet electron density, (b) the sheet resistance
and (c) the electron mobility, of the AlGaN/GaN heterostructure before and after irradiation.

Since the sheet electron density is inversely proportional to the absolute sensitivity, we
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conclude that the absolute sensitivity is stable over this range of temperature after irradiation.
The sheet resistance shown in Figure 5.31(b), increased with increasing temperature for both
samples, which is related to the decrease of the mobility as shown in Figure 5.31(c).
Rate of change of mobility can be divided in three regions: (1) lower than 90K the mobility is
almost constant in this region, with the three probable scattering mechanisms being interface
roughness, alloy disorder, and impurities scatterings. Ling et al. report on the observation of a
change in the surface roughness of a GaN layer after proton irradiation due to impurities or
point defects [11]. Increases in interface roughness and/or impurities near the AlGaN/GaN
interface can lead to a dramatic decrease in the mobility after irradiation. (2) An intermediate
region where the aforementioned scatterings are less pronounced and acoustic phonon
scattering begins to dominate. (3) At room temperature, where interface roughness and
impurity scatterings can be neglected and optical phonon scattering dominates, which
explains the decrease of the rate of change of the mobility near room temperature.
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Figure 5.32 Quantum Hall resistances as a function of magnetic field for AlGaN/GaN
micro–Hall sensors before and after irradiation.

Figure 5. 32 shows the quantum Hall resistance of the micro–Hall sensor before and after
irradiation by proton fluence of 1014 (protons/cm2). The sample before irradiation showed
clear Landau plateaus, which started to disappear at 14K. After irradiation, the Landau
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plateaus disappear and the Hall resistance becomes linear but this result does not necessarily
mean the absence of the 2DEG.
The origin of the Landau levels is due to the 2DEG edge transport at low temperature,
electrons can move freely along the interface without scattering which give constant Hall
resistance and the magnetoresistance tends to zero. However, increases in electron scattering
at the interface can deflect electrons to the bulk and this effect explains the disappearance of
the Landau levels. This is the reason why the magnetoresistance increased after irradiation as
shown Figure 5.33.
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Figure 5.33 The normalized magnetoresistances as a function of magnetic field for
AlGaN/GaN micro–Hall sensors before and after irradiation.

The decrease of the minima in the oscillations indicates the absence of parallel conduction.
The oscillations are clear from magnetic fields of about 4.5 T before irradiation and from
about 8T after irradiation, and we can conclude that the 2DEG remains after irradiation at
proton fluence of 1014 (protons/cm2). This increase in the threshold magnetic field is due to
the reduction of the mobility after irradiation.
The magnetoelectrical characterization after annealing was carried out for the UID–
AlGaN/GaN micro–Hall sensor at cryogenic temperature. The conductivities are measured
using the equation:
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and
where

,

(5.8)

are the longitudinal and the Hall resistivities, respectively, measured

according to the equations,
and
is the applied drive current,
current probes,

,

(5.9)

the longitudinal voltage measured between the same

is the transversal voltage and

is a geometric coefficient equal to

in the case of these micro-Hall sensors.
The magnetoconductivities are shown in Figure 5.34. The longitudinal magnetoconductivity
(

showed three behaviors corresponding to weak localization suppression at very low

temperature, electron-electron interaction at higher magnetic fields, and Shubnikov de Hass
oscillations at very high magnetic fields. The magnetoconductivities decreased after proton
irradiation but longitudinal magnetoconductivity was higher in the irradiated sensor when the
magnetic field exceeded 1.7T.
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Figure 5.34 Longitudinal and transversal magnetoconductivity of a AlGaN/GaN micro-Hall
sensors before and after proton irradiation.

The longitudinal magnetoconductivity can be written in terms of a function of the electron
mobility (μ) as

μ

μ

,[12]
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is the electron density,

electron

elementary charge, and

the magnetic field. At very high magnetic fields the value of

converges to the value

μ

sample compared with the

which explain the increase in

in the irradiated

in non-irradiated sample. Longitudinal magnetoconductivity

increased after applying a very small magnetic field, which corresponds to weak localization
suppression explained by the interference distortion of electron waves scattered along closed
paths in opposite directions. The weak localization was observed in both samples and it was
lower in the irradiated sample as shown in Figure 5.35.
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Figure 5.35 Low magnetic field dependence of the longitudinal conductivities of AlGaN/GaN
micro-Hall sensors before and after irradiation.

The correction of the magnetoconductivity

is given by [13],
,

where

is the digamma function,

and

transport scattering rates, respectively.
and
respectively,

,

and

correspond to the phase relaxation and the
and

are given by the equations

are the phase and the momentum relaxation times,

is the reduced Plank constant and

constant given by

(5.10)

,

represents the electronic diffusion

is the Fermi velocity.
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The elastic mean free path ( ) is deduced from the 2D Drude conductivity (

), given by,

,
where

(5.11)

is Fermi wave vector given by

electron mobility ( μ ) as

.

can be written in function of the

μ and therefore the elastic mean free path is reduced to,

μ

(5.12)

The momentum relaxation time ( ) is given by
effective mass calculated from the electron mass (

μ

, where

) as

is the electron

[14]. The main parameter

affecting the momentum relaxation time is the electron mobility which decreased from 13200
cm2/Vs before irradiation to 2510 cm2/Vs after irradiation near 4K, therefore, the effective
mass of electron after irradiation, which could not be measured due to unclear Shubnikov de
Haas oscillations [14] was estimated to be unchanged. The weak localization described by
equation (5.10) corresponds to the diffusion theory when the magnetic field is lower than the
transport magnetic field (

) [15], which were about 1.37 mT and 36.75 mT for the

non-irradiated and irradiated samples, respectively, as shown in Table 5.3. The weak
localization effect is strongest for magnetic field lower than the transport magnetic field (

)

[16], therefore, the longitudinal magnetoconductivity in the non-irradiated sample was fitted
using only the four measurement data, as shown by the black line in the Figure 5.35. The blue
line in Figure 5.35 corresponds to the fitting results of the longitudinal magnetoresistance
after irradiation, the phase-relaxation times deduced in both samples. Parameters obtained for
both samples before and after irradiation at 4K and current of

μ

are shown in Table 5.3.

Table 5.3. Magnetoelectrical properties of AlGaN/GaN micro-Hall sensors at 4K.
(cm2/Vs)

Ns(cm-2)

l(m)

D(m2/s)

Be(mT)

e(ps)

(ps)

Before Irradiation

13200

5.1×1012

0.489

0.079

1.37

1.502

1.614

After Irradiation

2510

5.2×1012

0.095

0.0157

36.75

0.286

0.451
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The momentum relaxation time ( ) decreased after irradiation due to elastic scattering
enhancement by proton irradiation. The dominant mechanism for elastic scattering is
impurity scattering [17], therefore, the decrease in the momentum relaxation time can be
correspond to impurity scattering enhancement.
The phase-relaxation time ( ) corresponds to the dephasing or the decoherence between two
electron waves traversing along the same path but in opposite directions due to inelastic
scattering [18]. Therefore, the decrease in

observed after proton irradiation was due to

inelastic scattering enhancement after irradiation. The electron-electron interaction is the
dominant inelastic scattering at low temperature [17].
The absolute magnetic sensitivity ( ) and the supply-current-related sensitivity (SCRS or
are given by

respectively, where

output Hall voltage,

)

represents the

is the normal component of the magnetic field and

the drive

current. The magnetic sensitivity at low temperature was almost unchanged after proton
irradiation as shown in Figure 5.36 due to conservation of the electron density [14].
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Figure 5.36 Magnetic field dependence of the Hall voltage of AlGaN/GaN micro-Hall sensors,
the filled shapes belong to sample before irradiation and hollow shapes to sample irradiated.

The absolute value of the magnetovoltage of the samples at very low magnetic field and
temperature of 4K was estimated to vary linearly. The slopes , which represents the
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magnetoresistance sensitivity, were extracted at different drive currents as shown in Figure
5.37, where the biased voltage was fixed to 5V for all measurements.
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Figure 5.37 Magnetic field dependence of the magnetovoltage of AlGaN/GaN micro-Hall
sensors, the filled shapes belong to sample before irradiation and hollow shapes to sample
irradiated.

The absolute magnetoresistance sensitivity
by

, given by

where

is given

was three times higher in the irradiated sample compared with

the magnetic sensitivity ( ) measured from the Hall voltage at the same measurement
conditions.
The magnetic sensitivity ( ) was measured from 5K to room temperature and the magnetic
sensitivity was stable and unchanged after irradiation. The absolute magnetoresistance
sensitivity ( ) was higher in both samples compared with the magnetic sensitivity ( ), as
shown in Figure 5.38, and it was enhanced from 160 VA-1T-1 in non-irradiated sensor to 417
VA-1T-1 at 5K after proton irradiation (blue filled shapes in Figure 5.38). The value of the
magnetoresistance sensitivity is the highest in the AlGaN/GaN heterostructures based Hall
sensors; however this value is still lower than in the conventional Hall sensors used for
cryogenic temperature magnetic field sensing (MagCam CHS-6 microscopic high sensitivity
cryogenic Hall sensors).
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Figure 5.38 Temperature dependence of the magnetic sensitivity of AlGaN/GaN micro-Hall
sensor before and after irradiation, the hollow shapes belong to the magnetic sensitivity ( )
and the filled shapes belong to the absolute magnetoresistance sensitivity ( ).

The minimum detectable magnetic field is deduced when the ratio
is the Hall voltage (
(

) given by the equation

) given by the equation

is reduced to

constant,

is the temperature,

and the magnetovoltage

in the transversal and the longitudinal directions,

respectively, Johnson noise given by
therefore,

,

is the main noise component,
, where
is the series resistance and

is Boltzmann

is the measurement

bandwidth. The minimum detectable magnetic field was measured from 5K to room
temperature for samples in which the series resistance increased after irradiation as shown in
the inset of Figure 5.39. The

showed lower variation rate after irradiation room

temperature due to the dominant electron-phonon scattering that slightly affects the transport
properties [14]. The minimum detectable magnetic field measured from the magneto–voltage
at 5K in the irradiated sensor was similar to the minimum magnetic field in the non-irradiated
sample.
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Figure 5.39 Temperature dependence of the minimum detectable magnetic field of
AlGaN/GaN micro-Hall sensor before and after irradiation, the hollow shapes belong to the
magnetic sensitivity measured from Hall voltage and filled shapes belong to the
magnetosensitivity measured from the magnetovoltage.

5-2-3 Proton implantation in InAsSb quantum well based micro–Hall sensors
The InAsSb heterostructures quantum wells (QWs) showed electrical mobility (μ)
degradation in all samples when proton fluence increases, due defects creation after
irradiation. Table 5.4 shows the irradiation doses and the electrical properties details before
and after irradiation. The sheet carrier density

increases with increasing proton fluence.

Generally, an increase in the sheet carrier density leads to a decrease in the sheet resistance,
however, due to the mobility drops, the sheet resistance (

) increases with increasing the

proton fluence.
The magnetic field dependence of the Hall voltage (

) before and after irradiation at two

values of drive currents is shown in Figure 5.40(a), (b) and (c) for the samples K3875, K3924,
and K3960, respectively.
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Table 5.4 Electrical characteristics of the InAsSb QWs based micro–Hall sensors at room
temperature before and after irradiation.
Rsh (/□)

Ns (cm-2)

 (cm2/Vs)

Before Irradiation

222

6.69×1011

42027

(Sn-doped 5×1016 cm-3)

1st Irradiation (f=1011 p·cm-2)

266

6.87×1011

34160

[K3875]

2nd Irradiation (f=1014 p·cm-2)

274

1,10×1012

20710

Before Irradiation

243

9.75×1011

26350

(Sn-doped 7×1016 cm-3)

1st Irradiation (f=1012 p·cm-2)

240

9.96×1011

26110

[K3924]

2nd Irradiation (f=1015 p·cm-2)

497

2,17×1012

5790

Before Irradiation

55

3,03×1012

37450

(Sn-doped 1017 cm-3)

1st Irradiation (f=1013 p·cm-2)

72

3.01×1012

28800

[K3960]

2nd Irradiation (f=1016 p·cm-2)

1341

1,22×1013

382

Sample
InAsSb QW

InAsSb QW

InAsSb QW

Proton fluences

The Hall voltage showed a clear linear dependence on the magnetic field in all samples either
after irradiation by proton fluence of 1016 protons/cm2 as shown in Figure 5.40(c). The
absolute magnetic sensitivity calculated from the slope Hall voltage on the magnetic field
start to change from the irradiation fluence of 1014 protons/cm2 as shown in Figure 5.40(a) by
the hollow diamond shape. The magnetic sensitivity decreases by 39%, 55% and 75% after
proton irradiation fluence of 1014, 1015 and 1016 protons/cm2, respectively.
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Figure 5.40 Variation of Hall voltage versus the magnetic field of the sample (a) K3875 (b)
K3924 and (c) K3960, before and after irradiation at different values of proton fluence (the
round filled shapes correspond to the reference samples before irradiation).

The decrease in the magnetic sensitivity, as shown in Figure 5.41, was due to the increase of
the sheet carrier density given by

where

is the electron’s elementary

charge. Generally, III-V compound semiconductors irradiated with high-energy protons,
generally, show degradation of the initial carrier density due to the defects and traps creation
with energy levels in the middle of the band gap. However, Brudnyĩ et al. [19] reported some
exceptions in InAs, InP, and InN where shifting and pinning of the Fermi level near or in the
conduction band occurred and leads to sheet carrier density increasing. Steenbergen et al.
reported the increase in the sheet carrier density in the InAs/InAs0.6Sb0.4 superlattices after
proton irradiation [20]. Proton irradiation effect on the InSb and AlSb doped these materials
p-type [19]. There are no reports concerning the proton irradiation effect of the Al0.1In0.9Sb
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and InAs0.1Sb0.9 compounds, however, shifting of the Fermi level to the valence band in the
AlInSb layers and/or to the conduction band in the InAsSb layer can explained the increasing
in the sheet carrier density observed.
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Figure 5.41 Dependence of the magnetic sensitivity of InAsSb based quantum well on 380
keV proton fluence.

The minimum detectable magnetic field after proton irradiation was almost stable up to
proton fluence of 1014 protons/cm2, as shown in Figure 5.42. The increase of the minimum
detectable magnetic field at higher proton fluence was due to the increase in the sheet
resistance and the decrease of the magnetic sensitivity.

was about 10 THz-1/2 after

proton irradiation with fluence of 1016 protons/cm2, which represent an increase about eight
folds of its initial value.

decreased to a value of 2.6 THz-1/2 at biased current of 40

A in the micro-Hall sensor irradiated with proton fluence of 1016 protons/cm2 and it is
expected to decrease with increasing the biasing current.
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Figure 5.41 Dependence of the minimum detectable magnetic field of InAsSb based quantum
well on 380keV proton fluence. Inset: Current dependence of the minimum detectable
magnetic field of the micro-Hall sensors after the second irradiation.

5-3 Conclusion
Conventional Hall sensors based on narrow band gap materials such as InSb and GaAs
showed application limitation at high temperature. The magnetic sensitivity drops when the
temperature rises. The magnetic sensitivity of the micro–Hall sensors based on InAsSb and
AlGaAs/GaAs heterostructures drops when the temperature exceeds 150 and 250°C,
respectively. The micro–Hall sensors based on AlGaN/GaN heterostructures showed stable
magnetic sensitivity from cryogenic temperature to 400°C. The study of proton irradiation on
the AlGaN/GaN heterostructures showed degradation in the electrical properties, however,
the magnetic sensitivity was stable up to proton fluence of 1014 (proton/cm2). The micro-Hall
sensors based on the AlGaN/GaN heterostructures are suitable for high temperature and harsh
environment applications.
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Chapter 6
Effect of annealing on proton irradiated Hall sensors
With the aim of recovering the initial electrical properties of proton-irradiated AlGaN/GaN
heterostructures, the effect of annealing on thick has been studied. Recovering in the
electrical and structural properties was observed.

6-1 Electrical characterizations
To follow the annealing process the series resistance (RS) was measured for all samples as
they were heated from RT to 400°C over the course of approximately 3 min. The series
resistance of the samples before irradiation are represented by the black curves in Figure
6.1(a) and Figure 6.1(b) and the series resistance of the micro-Hall sensors irradiated by a
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Figure 6.1 Temperature dependence of series resistance of (a) the UID– and (b) the Si–doped,
micro-Hall sensors before and after irradiation by proton fluence of 1014 (p/cm2).

The series resistance showed increases after irradiation due to electron mobility decreases. At
a temperature of around 200°C there is a small drop in the series resistance, which indicates
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the beginning of the annealing process, and corresponds to a value of the threshold annealing
temperature that is close to those previously reported for thick GaN [1,2].
The series resistance of the micro–Hall sensors irradiated with a fluence of 1015 (protons/cm2)
during annealing is represented by the red curve in Figure 6.2(a) and Figure 6.2(b) and
showed an exponential decrease with increasing temperature.

(a)

Series resistance (M )

10

0

10

-1

During annealing to 400°C
During cooling to room temperature

0

-1

Si-Doped micro-Hall sensor

UID micro-Hall sensor

120
110
100
90
80
70
60
50
40
30
20
10
0
-10

50

100

150

200

250

300

Temperature (°C)

350

400

0
160

(c) Micro-Hall sensor irradiated at 1016(p/cm2)
During annealing to 400°C
During cooling to room temperature

Series resistance (M )

0

77%

10

Micro-Hall sensor irradiated at 1015(p/cm2)

Rs = ~330 k
UID micro-Hall sensor
220 240 260 280 300 320 340 360 380 400

Temperature (°C)

140
120

50

100

150

200

250

300

Temperature (°C)

350

400

(d) Micro-Hall sensor irradiated at 1016(p/cm2)
During annealing to 400°C
During cooling to room temperature

100
80
60

72%

Series resistance (M )

During annealing to 400°C
During cooling to room temperature

10

Series resistance (M )

(b)

Micro-Hall sensor irradiated at 1015(p/cm2)

40

Rs = ~1.5 M

20
0
-20

Si-Doped micro-Hall sensor
220 240 260 280 300 320 340 360 380 400

Temperature (°C)

Figure 6.2 Temperature dependence of series resistance of (a) UID– and (b) the Si–doped,
micro–Hall sensors irradiated with a fluence of 1015 (protons/cm2), (c) UID– and (d) the
Si–doped, micro–Hall sensors irradiated with a fluence of 1016 (protons/cm2).

The series resistance in the UID– micro–Hall sensor, shown in Figure 6.2(a), was almost
stable between room temperature (RT) and 150°C. At low temperatures, rearrangement of
atoms and defects removal is impossible. Therefore, stable series resistance was observed in
the UID– sample and the decrease of the series resistance observed between 50 °C and
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200 °C in the Si–doped sample, shown in Figure 6.2(b), was probably due to thermal
activation of electrons from trap levels to the conduction band in either the AlGaN or the
GaN layer. After annealing, the series resistance significantly decreased by about 91.1% and
97.2% near RT of the UID– and Si–doped micro–Hall sensors, respectively. For the
micro–Hall sensors irradiated by a proton fluence of 1016 (protons/cm2), the series resistance
decreased with increasing temperature. The resistance was too high to measure until the
temperature reached 300°C, and from here the resistance dropped further on increasing the
temperature to 400°C to a value of 0.33M as shown in the Figure 6.2(c) in the UID–
micro–Hall sensor and to a value of 1.5M as shown in the Figure 6.2(d) in the Si–doped
micro–Hall sensor.
The series resistance during cooling of the samples irradiated by fluence of 1015
(protons/cm2) represented by the blue curves in Figure 6.2(a) and Figure 6.2(b), showed
exponential decrease corresponding to the variation in resistance of a 2DEG. In contrast, the
last samples (irradiated by fluence of 1016 (protons/cm2)) showed an increase in the series
resistance with decreasing temperature. The annealing temperature used here was too small to
remove all the defects caused by proton irradiation and hence electrons could be trapped
again during cooling by the remaining defects, causing the series resistance to increase.
Polyakov et al. report that even at temperatures as high as 550°C, the annealing is not
completed in proton-irradiated thick GaN [2].
The current–voltage characteristics after irradiation were found to have degraded as
shown in Figure 6.3 in the case of the UID– AlGaN/GaN micro–Hall sensor, which was
caused by increased scattering at the AlGaN/GaN interface due to the creation of traps and
defects by damage after irradiation. The current–voltage curves showed a decrease of current
by 57% and 99.5% at 30 V and strong deterioration in saturation current by 83% and 99.8%
for samples irradiated at 1014 and 1015 (protons/cm2) proton fluencies, respectively. The
sample irradiated with 1016 protons/cm2 was completely damaged and high resistance. The
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Si–doped AlGaN/GaN micro–Hall sensor showed the same degradation behavior.
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Figure 6.3Current–Voltage characteristics of the UID– AlGaN/GaN micro–Hall sensor before
and after irradiation.
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Figure 6.4 Effect of annealing at 400°C on the current–Voltage characteristics of Si–doped
AlGaN/GaN micro–Hall sensors irradiated with proton fluence of 1014 (p/cm2) with active
area of (a) 1×1m2, (b) 2×2m2 and (c) 5×5m2.
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The effect of annealing of the micro–Hall sensors at temperature of 400°C on the
current–voltage characteristics is discussed. Figure 6.4 and Figure 6.5 show the effect of
annealing on the Si–doped micro–Hall sensors irradiated by proton fluence of 1014
(protons/cm2) and 1015 (protons/cm2), respectively.
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Figure 6.5 Effect of annealing at 400°C on the current–Voltage characteristics of Si–doped
AlGaN/GaN micro–Hall sensors irradiated with proton fluence of 1014 (p/cm2) with active
area of (a) 1×1m2, (b) 2×2m2 and (c) 5×5m2.

The degradation in the current–voltage characteristics, as shown in Figure 6.6, was due to the
trapping effect. The effect of annealing on the current–voltage characteristics for the
irradiated sample at 1014 protons/cm2 is drawn in logarithmic scale as shown by the green
curve in the inset of Figure 6.6(b). It showed improvement in the current–voltage
characteristics after annealing. The pink curves shown in Figure 6.6 correspond to the
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micro–Hall sensor irradiated at a fluence of 1015 protons/cm2 before annealing, and the blue
curves corresponds to the same sample after annealing. A high improvement in the
current–voltage characteristics, in particular we observed an improvement of the saturation
current by factor of 16.5 and 77 in the UID– and the Si–doped micro–Hall sensors,
respectively, which indicates the excellent advantages of annealing.
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Figure 6.6 Current–voltage characteristics of (a) 1×1m2 active area UID– and (b) 5×5m2
active area Si–doped AlGaN/GaN micro-Hall sensors before and after irradiation and after
annealing.

6-2 Magnetoelcrtrical characterizations
The variation of the sheet electron density as function of temperature of the UID micro–Hall
sensor is represented in Figure 6.7. The sheet electron density was stable after irradiation and
showed fluctuation at high temperatures, which was also reported by Sonia et al. after 2 MeV
proton irradiation at 1013 proton/cm2 [3]. Polyakov et al. reported stability of the sheet
electron density in AlGaN/GaN heterostructures after neutron irradiation and a slight
decrease when the neutron fluence exceeded 1017 (neutrons/cm2) and they suggest that the
reason is the predominantly piezoelectric origin of the charge carriers in the two–dimensional
electron gas (2DEG) rather than charge carriers in AlGaN and GaN layers [4]. In our
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experiment, the sheet electron density was almost unaffected by creation of traps in AlGaN
and GaN layers due its high concentration compared with concentration of traps [5]. The
fluctuation of the sheet electron density near 400°C was caused by increasing voltage
measurement errors due to Johnson noise which is proportional to the square root of the sheet
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Figure 6.7 Temperature dependence of the sheet density of AlGaN/GaN micro–Hall sensor
before and after irradiation.

Before irradiation, the sheet resistance (Rsh) is represented by the black curve in Figure 6.8.
After irradiation with proton fluence of 1014 (protons/cm2), the sheet resistance represented
by the red curve in the Figure 6.8, increased by a factor of about 25% at 90°C which can be
explained as being due to scattering of electrons in the 2DEG due to defects created by
proton irradiation. Ling et al. [6] suggest that gallium vacancies VGa are more favorable to
form with proton irradiation, which leads to an increase in the density of acceptor–like traps.
With increasing temperature, the 2DEG electrons in the first subband tend to move into the
second and higher subbands [7], electrons in the second and higher subbands extend deeper
into the GaN layer and they are less confined in the interface compared with electrons in the
first subband [8], thus simulating bulk conditions [9]. Electrons in these subbands experience
higher scattering with defects created by proton irradiation in the GaN layer, which explains
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the dramatic increase of the sheet resistance at high temperatures.
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Figure 6.8 Temperature dependence of the sheet resistance in AlGaN/GaN before and after
irradiation.

The electron mobility (μ) was calculated directly from the sheet resistance and electron sheet
density using the relationship μ

. The electron mobility before irradiation is

represented by the black curve in Figure 6.9. The mobility of the irradiated sample by proton
fluence of 1014 (protons/cm2) is represented by the red curve in the same figure and showed
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Figure 6.9 Temperature dependence of the electron mobility in AlGaN/GaN before and after
irradiation.
The magnetoelectric properties were carried out from room temperature to 400°C in both
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samples irradiated by 1014 and 1015 (protons/cm2) in the Si–doped micro–Hall sensor; the
active area of the sensor is 5×5m2. The rate of the increase in the sheet resistance was higher
at 400°C for both the samples irradiated at 1014 and at 1015 protons/cm2 as shown in Figure
6.10(a), due to electrons moving from the first to higher subbands at high temperatures and
entering the GaN layer. The electrons that enter the GaN can be trapped at the defect centers
created after irradiation, which has the effect of reducing the 2DEG electron density and
enhancing the sheet resistance. The electron mobility is represented in Figure 6.10(b). The
annealed sample irradiated at a fluence of 1014 protons/cm2 showed high improvement in the
electron mobility whereas the sample irradiated at 1015 protons/cm2 showed very low
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Figure 6.10 The temperature dependence of (a) the sheet resistance and (b) the electron
mobility, of the AlGaN/GaN before irradiation and before and after annealing.

The absolute magnetic sensitivity (

) after irradiation with a proton fluence of 1014
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protons/cm2 followed by annealing showed a slight increase, as shown in Figure 6.11(a), due
to the 2DEG sheet electron density decreasing caused by the trapping effect after irradiation
[5]. The minimum detectable magnetic field (

) showed a slight decrease, as shown in

Figure 6.11(b), due to the increase in absolute sensitivity.
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Figure 6.11 Temperature dependence of (a) the absolute magnetic sensitivity, and (b) the
minimum detectable magnetic field of the micro–Hall sensors irradiated at a fluence of 1014
protons/cm2 at different values of biasing current. The filled shapes correspond to the
irradiated sample before annealing and the hollow shapes represent measurements of the
same sample after annealing.

The supply–current–related sensitivity (SCRS) of the micro–Hall sensor irradiated by a
fluence of 1015 (protons/cm2) was improved by a factor of 2.73 after irradiation and annealing.
The temperature dependence of the absolute magnetic sensitivity is shown in Figure 6.12(a)
for two values of biasing current. The increase in the absolute magnetic sensitivity was due to
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the decrease in the sheet electron density shown in the inset of Figure 6.12(a).
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Figure 6.12 Temperature dependence of the (a) absolute magnetic sensitivity, and (b)
minimum detectable magnetic field of the micro-Hall sensors before irradiation and after
irradiation at a fluence of 1015 protons/cm2 followed by annealing. The inset represents the
temperature dependence of the sheet electron density before irradiation and after irradiation
and annealing.

The temperature dependence of the minimum detectable magnetic field after annealing is
shown in Figure 6.12(b) at two values of biasing current. Only a slight increase in the
minimum detectable magnetic field is observed near room temperature due to the
simultaneous increase of the square root of the series resistance and the Hall coefficient
by a factor of 3.46 and 2.73 respectively, giving an increase in

by factor 1.27 at RT.

The UID– micro–Hall sensor, with active area of 1×1m2, irradiated by 1015 (protons/cm2)
fluence and annealed became operational when temperature was lower than around 120°C as
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shown in Figure 6.13. The increase of the offset voltage at higher temperature as shown in the
inset of Figure 6.13 increased the measurement error in the magnetic sensitivity. The
supply–current–related sensitivity at room temperature increased from 85 VA-1T-1 in the
non–irradiated sample to about 110 VA-1T-1 after irradiation and annealing due to decrease in
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Figure 6.13 Temperature dependence of the supply-current-related sensitivity. Inset of the
figure represents the temperature dependence of the absolute value of voltage offset.

6-3 Optical characterization
6-3-1 Raman spectroscopy
NRS-7100 laser Raman spectrometer, shown in Figure 6.14, is used for Raman spectroscopy.
Figure 6.15 shows the Raman spectroscopy of the UID– AlGaN/GaN micro–Hall sensors
before and after proton irradiation for different fluencies. The peak wave numbers of E2high
and A1(LO) phonon modes were 569 cm-1 and 736 cm-1, and the peak at 416 cm-1 A1gsapphire
corresponds to the sapphire substrate. From A1(LO) peak we can deduced that the energy of
longitudinal–optical (LO) phonon in GaN was equal to 91.2 meV.
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Figure 6.14 NRS-7100 laser Raman spectrometer.

The crystal quality can be examined by analysis of the full width at half maximum (FWHM)
and the line–widths () of E2high [10]. The FWHM of E2high after irradiation with 1015 (p/cm2)
proton fluence increased from 2.65 to 2.72 cm-1 and to 3.5 cm-1 after irradiation with 1016
(p/cm2) proton fluence.
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Figure 6.15 Room temperature Raman spectra of the UID AlGaN/GaN heterostructures
before and after irradiation. Inset in the figure represent fluence dependence of the A1(LO)
linewidths and the correspond phonon lifetimes, Ref. correspond to the unirradiated sample.
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These results imply degradation of the crystalline quality of the GaN due to defects created
after irradiation with further degradation with increasing proton fluence. A shift in the E2high
peak frequency was not observed, which implies no changes in the strain state in the GaN
layer after irradiation.
In addition, there was no shift in the A1(LO) indicating, according to the theory of coupled
plasmon LO phonon modes [11], that there was no change in the electron density in the GaN
layer. The A1(LO) peak broadened after irradiation, the FWHMs corresponding to the A1(LO)
peak as a function of proton fluence, and the phonon lifetimes deduced from the FWHMs
directly using the energy–time uncertainly relation [12], are shown in the inset in Figure 6.15.
Short phonon lifetime can be caused by scattering of phonons at impurities or defect centers
in the crystal [13], increasing the fluence causes decreases in the phonon lifetime and
broadening A1(LO) linewidths correspond to introducing more defects in the crystal, and
therefore decreases in the electron mobility at room temperature was related to the creation of
defects and traps in GaN and was not caused by the enhancement of the optical phonon
scattering.
Raman spectroscopy of the UID– and Si–doped micro–Hall sensors before irradiation and
samples irradiated at 1014, 1015 and 1016 (protons/cm2) after annealing at 400°C were carried
out. The fluence dependences of the peaks at E2high and A1(LO) in both micro–Hall sensor
structures are shown in Figure 6.16. A broadening of the A1(LO) and E2high peaks corresponds
to an increase in the defects concentration and crystal quality degradation, respectively. The
narrowing of these two peaks after annealing, as shown in Figure 6.16(a) and Figure 6.16(b),
corresponds to defect removal and crystal quality improvement due to the rearrangement of
atoms in the GaN that had been moved from their initial positions during irradiation.
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Figure 6.16 The fluence dependence of (a) the A1(LO) linewidths of the irradiated and the
annealed samples and (b) the E2high linewidths of the irradiated and the annealed samples; Ref.
corresponds to the unirradiated samples.

6-3-2 Cathodoluminescence characterizations
Cathodoluminescence measurements were performed using JOEL JSM-5600 SEM equipped
with GATAN MonoCL2 system before and after irradiation, where at an acceleration voltage
of 5kV, the filament current was 23A with a resolution of 2 nm. Figure 6.17 shows the
results of cathodoluminescence measurements of the AlGaN/GaN micro–Hall sensors before
and after irradiation for different proton fluences. Before irradiation, the spectra showed an
intense peak at 3.46 eV (358 nm) corresponds to the band edge (BE) emission peak of GaN
and a peak centered at 2.25 eV (550 nm) corresponding to green band luminescence (GL)
usually observed in high purity GaN. The GL is due to native defects such as gallium
vacancies (VGa) and ON and their complexes [VGa–ON]2-, [VGa–(ON)2]1- and [VGa–(ON)3]0 with
positions 1.1, 0.7 and 0.8 eV, respectively [14], which have formation energies even lower
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than those of isolated VGa itself [15]. Therefore, the GL is attributed to the transition from the
conduction band or a shallow donor level to the VGa–ON complex.
After irradiation, the BE peak decreased significantly and disappeared for irradiation at 1015
protons/cm2 due to the enhancement of the gallium and nitrogen vacancies formation after
irradiation, which act as electron traps, therefore less electrons are available for the
conduction to valence bands transition. The GL peak shifted by about 200 meV to the yellow
luminescence band (YL), and increased in intensity with increasing the proton fluence. The
increase in the YL band intensity was due to increases of the Ga vacancies density in the GaN,
which have an energy level of 1.1 eV above the valence band [16]. Three traps level ER1,
ER2 and ER3 at 0.13, 0.16 and 0.25 eV below the conduction band [17] are attributed as the
reason for the GL band shift. In addition, the appearance of a peak centered at 2.86 eV (433
nm) corresponding to the blue luminescence band (BL), which increased with increasing the
proton fluence. This peak originates from a transition from a shallow donor levels to a deep
acceptor level transition. The VGa2- level state located at 0.64 eV above the valence band [16]
is a good candidate for the source of BL emission and the increase in its density with
increasing the proton fluence explains the increases of the BL intensity. After annealing, the
BE peak of irradiated samples increased in intensity, as shown in the inset in Figure 6.17, and
electrons were no longer trapped in the midgap and were available for the conduction to
valence band transitions.
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Figure 6.17 Cathodoluminescence measurement of the UID– AlGaN/GaN based micro–Hall
sensor before and after irradiation with different proton irradiation fluences. Inset of the
figure represents the cathodoluminescence measurement after annealing.

6-4 Conclusion
The effect of annealing on pre-irradiated AlGaN/GaN heterostructures was discussed at
temperature annealing of 400°C. The optical characterizations confirm the improvement of
the crystal quality of the heterostructures after annealing. The electrical characterizations
showed partial recovery of electrical properties corresponds to defects and traps removing as
result of annealing. Studying of effect of higher temperature annealing on these devices is
needed.
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Chapter 7
GENERAL CONCLUSION
1-1Conclusion
In this thesis, we described the fabrication and magnetoelectric properties of robust, high
sensitivity Hall effect sensors fabricated using AlGaN/GaN, AlGAAs/GaAs and
AlInSb/InAsSb/AlInSb heterostructures with a two-dimensional electron gas at the
heterointerfaces. The sensitivity of AlInSb/InAsSb/AlInSb heterostructure degraded above
~150°C. AlGaN/GaN 2DEG Hall sensors were stable between cryogenic temperature to at
least 400°C and even after irradiation of 380 keV protons with a fluence of 1014 protons/cm-2,
but were highly resistive after higher proton fluences. The supply–current–related sensitivity
(SCRS) of AlInSb/InAsSb/AlInSb heterostructure was 20% of its initial value after proton
irradiation of 1016 protons/cm-2. Sensors showed degradation in the current–voltage
characteristics and high resistivity due to the creation of defects and traps in the GaN layer.
Annealing removed defects by rearranging atoms in the AlGaN and the GaN layers, thereby
partially recovering the electrical properties. We succeeded in recovering about 72% of the
series resistance in the micro-Hall sensor irradiated by a fluence of 1016 protons/cm2 at a
temperature of about 300°C, but the resistivity remains high and magnetoelectrical
characteristics cannot be measured. The magnetoelectric characterization showed
improvements in the magnetic sensitivity. The effect of higher temperature annealing can be
discussed in future research.

1-2 Future work
The effect of high temperature, on the physical properties of the irradiated Hall sensors
studied in this work, should be studied to recover the initial properties of our sensors. Best
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understanding on the effect of annealing on the recovering properties of our sensors may
cancel their limitation at very high proton flux and increase their application lifetimes. The
sensors could be packaged in order to protect them against higher proton fluences.
The thinner active region, the better the Hall device is, making the 2D materials good
candidates as new generation of Hall sensors. We investigate new micro–Hall sensors based
on two-dimensional molybdenum diselenide (MoSe2), their magnetic sensitivity was close to
AlGaN/GaN heterostructures based Hall sensors, and it depends on the thickness of the layer.
The thickness dependence on the physical properties such as the mobility and the magnetic
sensitivity, the effect of temperature and particles irradiation is a subject which is interesting
for future research.
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