Electrical characterization of ion-beam induced damage in
GaN

by

Phuti Ngako Mahloka Ngoepe

Submitted in partial fulfilment of the requirements for the degree
PhD (Physics)

in the Department of Physics

in the Faculty of Natural and Agricultural Science

University of Pretoria

PRETORIA
February 2019

Supervisor: Prof. W.E. Meyer

Co-supervisor: Prof. M. Diale



I, Phuti Ngako Mahloka Ngoepe, declare that the thesis/dissertation, which | hereby submit
for the degree Philosophiae Doctor at the University of Pretoria, is my own work and has not

previously been submitted by me for a degree at this or any other tertiary institution.



Electrical characterization of ion-beam induced damage in
GaN

by
Phuti Ngako Mahloka Ngoepe

Submitted in partial fulfilment of the requirement for the degree
PHILOSOPHIAE DOCTOR in the Faculty of Natural and Agricultural Science,
Department of Physics, University of Pretoria.

Supervisor: Prof. W. E. Meyer

Co-supervisor: Prof. M. Diale

SUMMARY

lons with different energies have been used to modify the properties of semiconductors. In
particular, these modifications have included altering the electrical properties of
semiconductors. The ion-solid interactions during ion irradiation can induce electrically
active defects in these materials. These defects can be beneficial or detrimental to the device,

depending on the use of the device.

In this study, deep level transient spectroscopy (DLTS) was used to study electrically active
defects in gallium nitride (GaN) after various ion-processing methods. These ion
bombardment processes included ion implantation and irradiation. Low, medium, and high
energy ions were used during these procedures. (In this study, ion implantation implies
medium energy ion bombardment while ion irradiation implies high energy ion

bombardment.)

Electron beam exposure (EBE) is a method that was used for exposing GaN to low ion
energy conditions. In this method, GaN was exposed to metal evaporation conditions without
evaporating the metal. In the second case GaN was exposed to 360 keV Cs ion implantation.

Lastly, Xe ions with energy 167 MeV were irradiated onto GaN.

Different species of defects were observed in each case. Only one defect was observed in the
EBE study and had an activation energy of 0.12 eV. This defect is similar to defects obtained
in other studies, which used different irradiation methods, such as electron, proton and

gamma irradiation. The Cs ion implantation yielded a defect with activation energy of



0.19 eV. A comparison was made to defects obtained using other processing techniques,
which included electron beam deposition and various ion implantations. Lastly,
Xe irradiation yielded two defects with activation energies of 0.07 and 0.48 eV. Both these
defects were also compared with those obtained in other studies. The former was similar to a

defect predicted by modelling while the latter was similar to a defect obtained by In doping.

It was found that all the processing techniques used in this study induced electrically active
defects as measured by DLTS. It was found that the defects measured in this study had
similar characteristics to those found in other studies, whereby different processing methods
were used. It is therefore deduced that the defects are not related to the ion, but rather are
intrinsic defects or defects related to impurities in the GaN. This shows that different energies
of ions lead to different defects forming in GaN. This understanding will contribute to
improved quality and reliability of devices fabricated on GaN in applications ranging from

radiation detection to communications.

Keywords: deep level transient spectroscopy (DLTS), gallium nitride (GaN), swift heavy

ion (SHI) irradiation, ion-beam induced damage, ion implantation
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Chapter 1

Introduction

Semiconductor technology has developed quite considerably in the past couple of decades
and has become the foundation of the modern day electronics industry. These developments
have led to reduction in size, increased power and greater reliability of semiconductor based
devices. Gallium nitride (GaN), in particular, has emerged as a strong contender in the
production of optoelectronic devices. This is due to its ability to operate at high temperatures,
voltages and frequencies. It can also operate quite well in caustic environments. All these
properties bode well for potential use of GaN in military, space, domestic and industrial

applications.

Native defects and impurities can affect the electronic, mechanical, and optical properties of
semiconductors. They can either enhance or degrade the material depending on the type of
device being fabricated. Defects can enhance devices by acting as recombination centers
which increase the switching speeds of diodes and for other high frequency devices. They can
be detrimental by reducing the mobility of charge carriers and acting as traps, thus reducing
carrier lifetimes. Defects can be introduced to the semiconductor either intentionally or
unintentionally during growth, annealing, device fabrication, and other processing methods.
In order to study defects and understand their origin, it is common to intentionally introduce

them by processing methods such as ion implantation and irradiation.

One of the most important electrical characterisation techniques for studying defects in
semiconductors is deep level transient spectroscopy (DLTS). Defects can be identified using
this technique by a defect signature, which is composed of the activation energy and apparent
capture cross section. DLTS is non-destructive, has a high sensitivity to defects, and can
easily distinguish between majority and minority carriers. This makes it a suitable candidate

for detecting electrically active defects in semiconductors.

In this study, defects in GaN were detected and characterised by DLTS after various
processing techniques. These techniques included exposure of GaN to various radiation

effects at low, medium and high energy, namely electron beam exposure, ion implantation



and ion irradiation respectively. Defects measured in this study were then compared to

defects reported by other studies.

In Chapter 2 of this thesis the properties of GaN are discussed. This includes general
properties such as the crystal structure, and optical and mechanical properties. Also, the
evolution of the energy-band relationship between the contact of a metal and semiconductor
is explained. A discussion on ion-solid interactions conclude the topics of this chapter.
Chapter 3 explains general defect theory. The theory of the defect characterisation technique,

namely DLTS, is also discussed in this chapter.

In Chapter 4 the experimental aspects of the study are explained. This includes the sample
preparation method and the annealing procedure. The different metal deposition methods are
discussed which include electron beam and resistive evaporation deposition. Also discussed
is the annealing equipment and annealing technique used in the study. Since the samples were
bombarded with ions, a brief section on ion implantation and irradiation is given. Lastly the

electrical characterisation techniques (I-V, C-V and DLTS) are explained.

The results are presented as publications in Chapter 5. The first publication deals with
electron beam exposure induced defects in GaN. The second publication is a study of the
characterisation of GaN after the implantation of Cs ions into GaN. The last publication is the
DLTS characterisation of defects in Xe irradiated GaN. After a presentation of all these

publications, a brief summary of the defects obtained in all these studies is tabulated.

The final chapter gives a summary of the conclusions that were found in this study. Also

included are possible future studies.



Chapter 2

Theoretical background

2.1. INTRODUCTION

This chapter gives an introduction to the characteristics of gallium nitride (GaN) and in
general, the device that is formed when a metal comes into contact with a semiconductor. The
first section looks at the crystal structure of GaN. The second section details the properties of
GaN. These properties include both the optical and mechanical properties. In discussing these
properties, examples of applications are also given. Section 2.4 looks at the growth of GaN
wafers in particular the chemistry involved in the growth of the GaN samples used in this
study. In Section 2.5, the relationship between a metal and semiconductor contact is
discussed. This includes the evolution of the energy bands before and after contact, the
electrical characterisation parameters which can be extracted from the newly formed diode,
the depletion width of the metal-semiconductor contact, and factors which can cause the
lowering of the barrier of the metal-semiconductor junction. Lastly, the transport mechanisms

associated with a Schottky diode are explained.

2.2. CRYSTAL STRUCTURE

GaN is a binary semiconductor, which can crystallise in either the wurtzite, or zincblende
crystal structures. The wurzite structure (with a hexagonal crystal system) is
thermodynamically stable whereas zincblende is metastable. Fig. 2.1 shows the hexagonal
wurzite crystal structure of GaN. Every Ga (cation) atom is surrounded by four N (anion)
atoms and vice versa. The lattice constants of the wurtzite hexagonal structure are
a=23.189 A and ¢ = 5.185 A for GaN [1]. The crystallographic orientation of faces in GaN is
perpendicular to the c-axis. These faces are polar and are either nitrogen-terminated or
gallium-terminated. It has been reported that the gallium-terminated faces are inert whereas

the nitrogen-terminated faces are chemically active [2].



—a

Fig. 2.1 Figure showing the hexagonal wurzite structure of GaN (dark spheres represent
gallium, light spheres represent nitrogen) [3].

2.3. SEMICONDUCTOR PROPERTIES

This section gives a brief overview of the optical and mechanical properties of GaN. The

applications relating to the properties are also given.

2.3.1. Optical properties

GaN is a wide, direct bandgap semiconductor, which has huge potential in optoelectronic
applications. It is part of the IllI-nitrides, which also include indium nitride (InN) and
aluminium nitride (AIN). The IHlI-nitride semiconductors can be engineered in order to vary
their bandgap from 0.7 to 6.2 eV. InN has a bandgap of 0.7 eV, GaN 3.4 eV, and AIN 6.2 eV
[4]. By varying the bandgap, tertiary as well as quaternary structures can be formed.

Examples of the former include aluminium gallium nitride (AlGaN), indium gallium nitride



(InGaN) and indium aluminium nitride (INAIN) while the latter include aluminium indium
gallium nitride (AllnGaN). The variation in the bandgap implies that the wavelength range of
the Il1-nitride semiconductors varies from 200 to 1770 nm, covering a wide spectral range,
which includes the ultraviolet, visible and near infrared bands. This optical property makes

I11-nitrides suitable for a wide range of applications.

In addition, GaN has a large absorption coefficient due to its direct bandgap. This makes it
suitable for use in detecting devices such as photodetectors, and chemical and biological
sensors. It is also suitable for emitting devices such as laser diodes (LD’s) and light emitting
diodes (LED’s). Due to its emission capacity, there is great interest in GaN and GaN related
materials for general lighting applications, such as traffic lights, vehicle lighting, and full
colour displays [5]. Other applications include fibre optic communication, optical data
storage and other non-optoelectronic applications in the form of heterojunction emitters for

transistors [6].

2.3.2. Mechanical properties

GaN has considerable mechanical strength. There are a number of factors to which this
property may be attributed. Amongst these is the difference in the electronegativity of Ga and
N, which is relatively high. The values of the former and the latter are 1.1 and 3.1 Pauling
respectively [7]. This huge difference results in the high chemical stability and radiation

hardness of GaN. It also leads to GaN being considered as an ionic compound.

The displacement threshold energy of GaN is high due to the difference in the bond strength
of its constituent elements. The displacement energy for gallium is 19 eV while that for
nitrogen is 22 eV [8,9]. This makes GaN significantly more radiation tolerant than
semiconductors such as GaAs and Si. These exceptional qualities, therefore, make it a
suitable candidate for space applications where devices, which are radiation resistant, are

required. Table 2.1 gives several GaN parameters.



Table 2.1 The physical properties of GaN with a wurzite crystal structure.

a=3.189
Lattice constants (A) [1]

c=5.185
Dielectric constant [10] 8.9
Electron affinity (eV) [11] 4.1
Density (g/cm?®) [10] 6.07
Band gap @ 1.6 K (eV) [4] 3.5
Band gap @ 300 K (eV) [4] 34
Work function @ 300 K [4] 457
Effective electron mass (me) [12] 0.20
Breakdown field @ 300 K (V-cm™) [13] >5x10°

2.4. GROWTH

It has been challenging to grow GaN single crystals for device fabrication. This is due to a
lattice mismatch between GaN and a suitable substrate. Sapphire (Al.O3) and silicon carbide
(SiC) have been the primary substrates on which GaN has been grown. There are a number of
factors, which contribute to the selection of a suitable substrate. These include, amongst
others, coefficients of thermal expansion, lattice parameters, structural and chemical
properties, thermal and electrical conductivity, cost and the crystal structure of the substrate.

Cost has been one of the main reasons why sapphire is preferred over SiC.

A number of methods have been used to grow GaN. These methods are mainly epitaxial and
include physical, liquid phase, and chemical vapour depositions. The term epitaxial means
that the crystalline layer of the semiconductor is grown on a substrate in such a way that the
crystalline layer has a similar lattice structure to the substrate. When the composition of a thin
film is the same as that of the substrate, the deposition is called homoepitaxial. When the
composition of the materials is different, the growth is heteroepitaxial. The different epitaxial
growth methods used to grow GaN include reactive molecular beam epitaxy (RMBE) [14],



metal-organic vapour phase epitaxy (MOVPE) [15], epitaxial lateral overgrowth (ELOG)
[16], and hydride vapour phase epitaxy (HVPE) [17]. In this study, samples grown by HVPE
were investigated. This method is relatively inexpensive, has a high growth rate, and can be

used on an industrial scale [18].

Ilegems reported in 1973 the growth of GaN by using the vapour phase method [19]. This
was done by using NHz gas as a source for N and GaCl gas as a Ga source. The chemical

reaction for HVPE grown GaN is as follows:
2Ga(l) + 2HCl(g) < 2GaCl(g) + H,(g) (2.1)
and
GaCl(g) + NH3(g) < GaN(s) + HCl(g) + H,(g) (2.2)

Liquid Ga reacts with HCI gas to form GaCl and hydrogen. The GaCl, which is stable above
600 °C, then reacts with ammonium gas to produce GaN [6]. The GaN is grown on a sapphire
substrate. This substrate is an insulator thus confining the electrical characteristics to GaN.
Also, wafers grown on a sapphire substrate usually have a diameter of 2 inches and are

relatively cost effective to grow.

2.5. METAL-SEMICONDUCTOR CONTACTS

In this section a discussion is given of the energy relationship between a metal and a
semiconductor when they come into contact with each other. Depending on the type of metal
and semiconductor, the result of this contact can be a barrier called the Schottky barrier.
From this barrier we can measure current and capacitance characteristics. From these
characteristics, other electrical properties can be calculated. An Ohmic contact, which also

forms as a result of the metal-semiconductor contact, is also discussed.

2.5.1. Schottky barrier formation

Energy bands can be used to explain the interaction between a metal and a semiconductor.
These energy bands are useful in showing the electronic states that a charge carrier is allowed

to occupy in a solid. The ideal energy band gap relationship between a metal and an n-type
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Fig. 2.2 Energy band diagrams of a metal and semiconductor (a) Before contact
(b) After contact, which illustrate the formation of a Schottky barrier [20].



semiconductor is now explained. Fig.2.2 (a) shows the energy bands of an isolated metal and
semiconductor, which are electrically neutral. When a metal and a semiconductor come into
contact with each other, the electrons within the vicinity of the interface are affected. This is
due to the difference in the work functions of the metal and the semiconductor. The work
function is the difference between the vacuum level and the Fermi energy level. At absolute
zero temperature, the work function is defined as the amount of energy required to remove an

electron from a solid (in this case the metal or the semiconductor).

Since we consider a case in which the work function of the metal (q¢m) is larger than the
work function of the semiconductor (g¢s), the energy bands of the semiconductor will bend
upwards (as seen from the bulk of the semiconductor) because of the migration of electrons
from the semiconductor to the metal after metal-semiconductor contact. This will cause a
charge build up at the metal-semiconductor interface. On the metal surface the charge will be
negative whilst on the semiconductor surface the charge will be positive. This charge build-
up will cause an electric field to form which acts as a barrier to the flow of electrons between
the metal and the semiconductor. The electrons in the semiconductor will flow into the metal
until equilibrium. This equilibrium is reached when the Fermi levels of the metal and the
semiconductor align. The Fermi level of the semiconductor is lowered by a value called the
contact potential. This value is the difference between the work functions of the

semiconductor and the metal.

A depletion region is realised as a result of the migration of electrons from the semiconductor
to the metal. This region is depleted of electrons and the positive charge is due to
uncompensated donor atoms remaining behind. The band bending of the conduction and
valence bands is caused by the variation of the potential in the depletion region and is limited
to this region. The variation of the potential steadily increases from within the semiconductor
and reaches a maximum at the metal-semiconductor interface. At the interface, the barrier,
which was alluded to earlier, is formed and prevents the flow of electrons across it. The
height of this barrier, called the Schottky barrier height (SBH), is the distance between the
Fermi level and the conduction band edge at the maximum. It is given by the following

equation:

qps = q(dm — ds) + q(ps — x) = q(dy — X) (2.3)



where q¢wm is the metal work function, gg¢s is the semiconductor work function and qy is the
electron affinity. The electron affinity is the amount of energy released when an electron is
added to the semiconductor. It is the difference between the vacuum level and the conduction
band. The term q(¢m — ¢s) is the built in potential, qVei, and is the height of the barrier relative
to the depth of the conduction band. The second term, q(¢s — %), is the potential difference
between the conduction band edge and the semiconductor Fermi level. The relationship is not
so simple in practice due to factors such as metal-induced gap states, interface states, surface

states and chemical reactions at the metal-semiconductor interface.

Under zero bias (equilibrium conditions) there is no net flow of electron over the barrier as
the electrons moving across the barrier are balanced from both the metal and the
semiconductor. A net flow of electrons occurs into either the metal or the semiconductor
when a bias voltage is applied. The bias voltage applied can either be a forward or a reverse
bias. This bias voltage influences the height of the barrier that the electrons have to surmount.
Under forward bias conditions, a positive potential is applied to the metal (or a negative
potential applied to the semiconductor). What this implies is that the Fermi level of the
semiconductor is raised with respect to that of the metal and band bending is decreased.
When this happens the potential that the electrons from the semiconductor “see” is decreased.
The net flow of electrons under forward bias will be into the metal. Applying a forward bias

decreases the depletion width.

When a reverse bias is applied to the metal-semiconductor contact, a negative potential is
applied to the metal (or a positive potential is applied to the semiconductor). The Fermi level
of the semiconductor is decreased with respect to that of the metal. This increases the
depletion width. The electrons in the semiconductor will have to overcome a higher barrier to
cross over into the metal. Under both reverse and forward bias, the barrier height, which the
electrons from the metal experiences, remains constant. Fig. 2.3 illustrates the forward and

reverse bias conditions.

10
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Fig. 2.3 Energy band diagram of a Schottky barrier illustrating the effects of applying
(a) forward bias, Ve (b) reverse bias voltages, Vr [20].
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25.2. Schottky barrier height determination

Current-voltage characteristics are mainly performed on Schottky diodes to assess the quality
of the device. This is done by measuring the current under both reverse and forward bias
conditions. From the forward bias characteristics, the barrier height, series resistance and
ideality factor can be determined. From the reverse bias characteristics the rectifying capacity

of the diode is determined. The current-voltage relationship is given by:
I = I [exp(qV /nkT) — 1] (2.4)
where £ is the saturation current given by

I, = AA*T? exp (— %), (2.5)

A is the diode area and n is the ideality factor given by

1  kTd(Inj)
= = 2.
n q dV ’ (26)
where J is the current density. A® in the above equation is the Richardson constant and is
given by
. Ammiqk? 1zom* AK? ”7
- h3 B m \ cm? 27)
and the barrier height is given by the equation
kT AA*T?
¢pp =—In . (2.8)
q I

The barrier height determined using this equation is so determined at zero bias. This barrier
plays an important role when considering thermionic-emission conduction mechanism as will

be considered in section 2.6.1.

12
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Fig. 2.4 1-V characteristics of a Schottky diode of Ni/Au deposited on GaN as used in this
study.

The ideality factor is a measure of how much the forward voltage characteristics of a
Schottky diode deviates from an ideal case. It incorporates all the unknown effects that make
a device non ideal. The ideality factor of an ideal device is equal to unity whereas it is greater
than unity for a non-ideal device. Factors which cause a device to deviate from ideality
include damage to the metal-semiconductor interface, surface states, series resistance,
variation in barrier height across the surface, bias dependent barrier height (field effect) and
other current transport mechanisms (e.g. tunneling). Fig. 2.4 shows the I-V characteristics of a
Ni/Au Schottky diode from which the various electrical parameters of a diode can be

determined.

2.5.3. Depletion width

The details of what happens when a metal and a semiconductor come into contact have been

explained in a previous section. When these come into contact, there are two boundary
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conditions that can be considered. The first is due to the barrier height of the
metal-semiconductor interface. The second boundary condition is to consider the electric
field to be zero in the bulk of the semiconductor as there is charge neutrality in this region.
The solutions to Poisson’s equation in the one dimensional case can be written as

d?v 1

= —E—SP(X), (2.9)
where p(x) is the total charge density at a depth of x beneath the surface of the
semiconductor and &s is the permittivity of the semiconductor. To simplify the total charge
density, an abrupt approximation is made. The semiconductor is divided into two regions.
The first region is called the depletion region and is closer to the metal-semiconductor
contact. This region has no free carriers due to the high potential difference between the
conduction band and the Fermi level in this region. The second region is the bulk of the
semiconductor, in which no electric field exists and is electrically neutral. This therefore

implies that the charge density can be written as

qNp ifx <w

, 2.10
0 ifx>w ( )

P = |

where Np is the doping density and q the electronic charge. By integrating equation (2.9)
twice and applying the boundary conditions, the depletion width is given by the equation [20]

ZSsti
w = 2.11
’ N, (2.11)

The electric field in the semiconductor is given by [20]

N
B = —12

(w —x) (2.12)

N

The maximum electric field strength is obtained when x = 0. The electrostatic potential is

given by [20]

V(x) =—

2. (w —x)? (2.13)

Fig. 2.5 shows the plots of the charge density, electric field and electric potential in the

depletion width of a Schottky barrier diode.
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Fig. 2.5 Plots of the (a) charge density, (b) electric field, and (c) electric potential in the depletion
region of a Schottky barrier diode.
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The space charge per unit area of the depletion layer and semiconductor is given by

Q = qwNp = 2V 2qesNpVy,; (2.14)

while the capacitance per unit area of the depletion layer and semiconductor are given by

aQ qesND gsA
C= = ’ =—, 2.15
aVbi ZVbi w ( )

This equation can be written in the form

1 _ 2(Vy; = Vo — kT /q)

C? qesNp

(2.16)

Equation (2.15) holds if we assume a parallel plate capacitance model where the edges of the
space charge region act as the parallel plates. Two plots of the C vs. V and 1/C? vs. V are
respectively illustrated in Fig. 2.6 and Fig. 2.7 below. It follows from equation 2.16 that Np
can be calculated from the slope of the graph and Vi calculated from the intercept with the

V-axis.

I I 1 | 1 I I | 1 1 I I 1 1 1 I I 1 1
1.8x1010 |- a

1.7x1010 |- -
1.6x10710 |- o -
1.5x10710 |- -

1.4x10-° | o -

Capacitance (F)
°

1.3x1010 |- ® -
1.2x10°10 |- ° .

1.1x1010 |- o

-2.0 -1.5 -1.0 -0.5 0.0
Voltage (V)
Fig. 2.6 Capacitance-voltage characteristics of a Ni/Au Schottky diode.
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Fig. 2.7 Inverse of capacitance squared against the voltage of a GaN based Ni/Au Schottky
diode.

2.5.4. Image force lowering

When a charge carrier (an electron) is brought close to the surface of a metal, it is attracted to
the metal due to the electric field caused by the charge induced in the metal. This force is
called image force and causes a lowering in the Schottky barrier, referred to as image force
lowering. This is illustrated in Fig. 2.8. When the electron is brought close to the surface of
the metal, the electric field can be calculated as if there was a positive charge in the metal
which is the same distance behind the metal-semiconductor interface as the electron is in

front of the interface.
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Fig. 2.8 Energy band diagram illustrating Schottky barrier lowering [20].

The force experienced by the electron as it approaches the metal can be written as

¢ q

F = — = —
4e.m(2x)? 16e,mx?

(2.17)

where &s is the semiconductor permittivity which can be written as & = keo, k is the
semiconductor dielectric constant while &, is the permittivity of the vacuum. The potential

energy of an electron brought from infinity to a distance x from the metal surface is given by

2

q
l6egmx

Ulx) = fo dx = (2.18)

When an external electric field & is applied, the potential energy of the electron can be written

as

+ qéx. (2.19)
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To find the position where the electron will experiences the greatest potential energy, P(x)

can be differentiated with respect to x and equated to zero such that the position is given by:

_ , q
= |Teem (2.20)

The Schottky barrier lowering can then be obtained by substituting xm into P(x) which gives

the Schottky barrier lowering [20]:

_ / s _
Ap = v 2E%,, (2.21)

The barrier height determination using current measurements require that electrons surmount

the barrier height. This implies that the movement of these electrons will be dependent on
image force lowering. Since the capacitance is dependent on the width of the space charge
region, they are not affected by image force lowering of the barrier height. Therefore image
force lowering will lead to a lower barrier height for I-V measurements as compared to C-V
measurements. The barrier height is affected by a bias voltage as shown in Fig. 2.9. The bias
dependence of the image force lowering leads to an increase in n (as discussed in section
2.6.1) and an increase in the reverse leakage current. The image force lowering is more

pronounced at higher carrier densities.

Fig. 2.9 Energy band diagram demonstrating Schottky lowering under different bias
conditions [20].
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2.5.5. Ohmic contacts

Ohmic contacts play a critical role in the performance of a device. It is important that the
current linearly changes with the applied voltage (i.e. there is no asymmetry) and the contact
resistance must be low. In order to have a low contact resistance, the Schottky barrier height
must be very low and/or the semiconductor must be heavily doped to allow charge carriers to
tunnel through the barrier. A low contact resistance is especially important for high frequency
and high power devices. High contact resistance will cause excessive heat and ultimately lead

to device failure [21].

Metals are selected for ohmic contacts depending on the type of semiconductor. This
therefore means that the ohmic contact metals can be predicted by using the Schottky-Mott
equation where ¢s < y (for n-type semiconductor). In some instances a metal might not be
able to adhere well to the semiconductor, thus rendering it inappropriate for device
fabrication. Also, a phenomenon, called Fermi level pinning, which involves surface states
might occur. This can affect device performance. In the case of GaN the Fermi level is not
pinned [22] and the barrier height of GaN is dependent on the work function of the metal
used. Also, the type of bonding affects whether Fermi level pinning occurs. lonically bonded
semiconductors tend not to exhibit pinned surfaces. Semiconductors such as GaN which have

a high electronegativity difference usually have these unpinned surfaces [23].

Fig. 2.10 shows the energy bands of a semiconductor before and after metal contact
deposition on an n-type semiconductor. The work function of the semiconductor has to be
larger than that of the metal for an Ohmic contact to form. When the metal and
semiconductor come into contact, the electrons in the semiconductor will flow from the
semiconductor to the metal. This is caused by the potential difference between the metal and
the semiconductor due to the difference in the work functions. When the Fermi levels of the
metal and the semiconductor align, the electrons will stop flowing into the metal as thermal
equilibrium is reached. The alignment of these Fermi levels causes the conduction and
valence bands to bend as shown in Fig. 2.10 (b). A good Ohmic contact should allow
electrons to easily flow between the metal and the semiconductor when a potential is applied

across the junction.
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Fig. 2.10 Energy band diagrams of a metal and semiconductor forming an Ohmic contact:

(a) before contact and (b) after contact.
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2.6. CURRENT TRANSPORT MECHANISMS

There are a couple of mechanisms which govern the flow of current across a

metal-semiconductor interface. This current is transported by majority carriers across the

metal-semiconductor junction. Fig. 2.11 shows a diagram of four of these transportation

mechanisms. In the diagram a forward bias is applied. These transportation mechanisms
include [20,24]:

1.

Electrons which surmount the Schottky barrier height from the semiconductor into the
metal.

The quantum tunnelling of electrons through the Schottky barrier from the
semiconductor into the metal

The recombination of electrons and holes in the space charge region (where the closed
circles depicts an electron and the open circle a hole)

The recombination of electrons and holes in the neutral region. This is also known as

hole injection.

Process 1 represents ideal conditions while processes 2, 3, and 4 represent a departure from

ideal behaviour.

METAL SEMICONDUCTOR

1]
1

:__ e Ec
Py Al i

N\

Fig. 2.11 Diagram showing different transportation mechanics of an electron
across a metal-semiconductor contact [24].
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2.6.1. Thermionic emission

Thermionic emission occurs for moderately doped semiconductors (Np < 10*” cm). The
depletion region in this case is relatively wide which make it difficult for charge carriers to
tunnel through the barrier. Charge carriers have to surmount the barrier in this current
transport mechanism. In most cases, the majority of the charge carriers do not cross the
barrier. In the thermionic emission model, the flow of current from a semiconductor to a
metal is only dependent on the barrier height. Electrons from the semiconductor have to
overcome the barrier height in order to flow into the metal. The current density of those
electrons which are able to overcome the barrier height and flow from the semiconductor into

the metal is given by [20]:

o

Jom = f qu, dn (2.22)
Er+ qdpp

where Er + ¢ is the minimum energy required for electrons to overcome the barrier height
and vy is the carrier velocity in the direction of electron transport. The electron density in an

incremental energy range is given by
dn = N(E)F(E)dE

_ 4m(2m")3/? E—E.+ qV,

e JE — Ecexp [— T] dE (2.23)

where N(E) is the density of states, F(E) the Fermi-distribution function, m” the effective
mass of the electron in the semiconductor and qVh is given by Ec — Er. If we postulate that the
energy of the electrons in the conduction band is kinetic energy, then

E—-E, = L 2
- C—Emv
dE = m*vdv
E—-E; =vym*/2 (2.24)

dn =2 (ﬂ*)g exp (— %) exp ( m*v2> (4mvidv) (2.25)
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This equation gives the number of electrons per unit volume that have speeds between v and
v + dv distributed in different directions. If we were to resolve the speeds into different

components, whereby the electrons are transported parallel to the x axis, then
vi= v+ v+ 07 (2.26)

Utilising the transformation 4m2dv = dvxdvydv, and substituting it into the above equations
(2.23) and (2.26) we get

4rqm*k? qV, mvgy
(A 1 (L) 227

where Vox is the minimum velocity required to overcome the Schottky barrier in the x

direction. This velocity is given by

1
Em*vgx =q(Vy — V) (2.28)

Substituting equation for vox? into J gives

4mqm’k? T2 q(Vn + Vi) (CIV>
13 exp kr | P kT

vV
= A*T?exp (— %) exp (Z—T) (2.29)

where ¢ is the barrier height and A" is the effective Richardson constant for thermionic

]sm

emission. This effective Richardson constant does not take into account the effects of optical

phonon scattering and quantum mechanical reflection.

Electrons surmounting the barrier height from the metal to the semiconductor do not see a
varying barrier and this implies that the current flowing into the semiconductor is not affected
by an applied voltage. At thermal equilibrium, the current flowing from the metal to the
semiconductor should be the same as that flowing from the semiconductor to the metal, that

is, when V = 0. Therefore setting V = 0 in the above equation

%) (2.30)

Jms = =A'T%exp (22
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with the negative sign implying that the current is flowing from the metal to the
semiconductor. The total current density flowing over the barrier is given by the sum of the

current flow from the semiconductor into the metal and vice versa:

o= e (22 ()

=Js [eXp (%) - 1] (2.31)
where
[A Tzexp< q:’;)] (2.32)

is the saturation current density [20].
In order to take the effects of image force lowering and other deviations from ideality into
account, the ideality factor n is introduced. For an ideal Schottky diode n = 1 while deviations

from ideality increase n.

2.6.2. Tunnelling

It is possible for electrons, which have energies below the barrier height to penetrate the
barrier by tunnelling as illustrated in point 2 of Fig. 2.11. There are two possible cases to
consider when this happens. In the first instance, at low temperatures and for heavily doped
semiconductors (Np > 108 cm®), when a forward bias is applied, the current emanates from
the tunnelling of electrons from the semiconductor which are close to the Fermi level. This is
known as field emission. The approach of using heavily doped semiconductors is usually

used for ohmic contacts when a suitable metal-semiconductor contact is not found.

In the second case, if the temperature is raised, the kinetic energy of the electrons increases.
When this occurs, there will be a significant number of electrons with an energy higher than
the Fermi level. The probability of tunnelling will therefore increase as the electrons will see
a thinner barrier. This increase in energy also implies that a larger fraction of electrons are
emitted via thermionic emission, competing with the effects of tunnelling. This is known as
thermionic field emission. This second process occurs for intermediately doped
semiconductors (10! < Np < 10% cm) [25].
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If the temperature is raised even higher, all the electrons will have enough energy to
surmount the barrier and tunnelling will become negligible. When this occurs, we then have

pure thermionic emission.

For the case where tunnelling is the dominant mechanism for current flow, the transmission

coefficient is given by [20]:

T(n) ~exp (— %> (2.33)
EOO
where
qh | Np
Eyo = 2 |eom (2.34)

Comparing the energy Eoo to the thermal energy KT, for Eoo <« &7 thermionic emission
dominates, for Eqo = k7" thermionic-field emission, and for field emission Eqo >»> k7'[26]. The

tunnelling current density can be expressed as [20]:

)

2.35
Eoo (2.35)

Je ~exp (_
In the case where there are low doping levels in semiconductors, tunnelling becomes more
significant under reverse bias than forward bias. This occurs because under large reverse bias
voltages, the electrons in the semiconductor tunnel through the thin potential barrier into the
metal [24].

2.7. ION-SOLID INTERACTION

2.7.1. Introduction

When an ion penetrates into a solid, it interacts with the target and suffers energy loss until it
eventually comes to rest at a particular depth inside the material. The energy transfer of the
ion to the solid is caused by elastic and inelastic collisions with the target. The interaction of
these energetic ions and the target atoms are the basis of ion damage in solid materials. This
can modify the structure and/or the properties of materials. A discussion of the related

process is now discussed.
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2.7.2. lon stopping

There are two main processes of energy loss which are to be considered. These are elastic
interactions with the target atoms called nuclear stopping and inelastic collisions with the
target atoms due to the collision with the electrons of the target is called electronic stopping.
The total stopping power is defined by the energy loss per unit distance of the matter

traversed. It is the sum of the two energy loss components and is given by [27]:

Soa = (S2)  +(5) (2.36)
total dx nuclear dx electronic .

The E represents the ion projectile energy and x the path length. Each of these terms can be
seen as a function of the ion velocity (which is proportional to the ion energy). Fig. 2.12
shows both these terms. It can clearly be seen from this figure that nuclear stopping

dominates at low energies and electronic stopping dominates at higher energies.

Low Intermediate | High

energies energies energies
; (Bethe-Bloch
region)
Electronic
stopping
v

Nuclear
stopping

Stopping power S

Fig. 2.12 Nuclear and electronic components of the stopping
power as a function of ion velocity.
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2.7.3. Nuclear stopping

When the charged ion collides with the nuclei of the target atoms, the process can be
described in terms of a two body elastic collision model. Since this implies the conservation

of momentum and Kkinetic energy, the kinetic energy transfer can be given as

2mym,

= mEo(l —cos0) (2.37)

where my is the mass of the incident ion, mz is the mass of the nucleus of the target atom, Eo
is the incident energy of the projectile, 6 is the scattering angle in the centre of mass of the

system. The maximum energy transfer is reached when 6 = 180°. And is given by

4mi;m,

"G my)? 3

Incident ions can modify a crystal lattice by displacing a target atom when the projectile
kinetic energy is larger than the threshold displacement energy Eq. This displacement energy

is the minimum Kinetic energy required to produce a permanent displacement.

2.7.4. Electronic stopping

Electronic stopping power is more complex than the two body interaction model of nuclear
stopping power. The approaching ion has to interact with many electrons whereby the
concentration is much denser than the nuclei. In addition, the electrons may be stripped form
the ions as they traverse the target material. This leads to a continuous modification of the
incident ion charge state. Various models, including the Bethe Bloch formula [28,29]

therefore have to be used to obtain reasonable predictions.

lon tracks can form in a material depending on the electronic deposition energy and the
nature of the target material. The formation of these ion tracks can be inhibited in a material
which has good thermal conductivity and a high melting point [27]. In a material with poor
thermal conductivity and low melting point, the ion track may be formed by ions which have

relatively low stopping power.
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2.7.5. lon damage

When light ions are implanted into a material, they are initially slowed down mainly by
electronic stopping and the displacement damage that they cause is relatively small. Nuclear
stopping ultimately becomes the dominant process and the damage caused at the end of the
ion track is high. Heavy ions, by contrast may cause uniform damage along their path as they
displace the target atoms from the surface of the solid. These ions experience a relatively
higher degree of nuclear stopping compare to the light ions. Fig. 2.13 shows a schematic

representation of this phenomenon.

Light Ion —pi High damage area

(a) High damage area at the end of ion track

Heavy Ion———>p Uniform damage
along the ion track

(b)

Fig. 2.13 (a) Light and (b) heavy ion tracks formed in a solid.
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Chapter 3

Defect theory and characterization

3.1. DEFECT THEORY

3.1.1. Introduction

There are structural disorders and impurities which can be introduced in a semiconductor.
These interruptions of the lattice periodicity of a crystal are commonly referred to as defects.
They can primarily be introduced in two ways, namely growth and processing. The former
includes the intentional or unintentional introduction of defects during the growth of the
material. Doping is an example of this process. The latter is the post-growth introduction of
defects in a material by different processes. These processes can include amongst others ion
irradiation, different metal deposition methods, electron beam exposure (EBE), and

inductively coupled plasma (ICP) processing.

A defect free semiconductor crystal is of little use in modern electronics. The presence of
defects plays a significant role as states in the bandgap of a semiconductor can substantially
alter the electronic properties of a semiconductor. The knowledge of the characteristics of
defects is essential in designing and fabricating semiconductor based devices. These defects
are important as they can either be beneficial or detrimental to a device depending on the
application. In the case of fast switching devices, defects are beneficial whereas in light

emitting devices they are detrimental [1].

Defects can be classified according to dimensionality as indicated by Yam et.al. [2]. The first
are the zero dimensional defects. These point defects are the alteration of a lattice by just one
atomic site. Examples include interstitials, vacancies, and substitutional atoms. The second
type of defect is the one dimensional defect. These are defects which are associated with a
direction. An example would be a dislocation, which is divided into screw and edge
dislocations. The other two classifications include two dimensional (planar) and three
dimensional (volume) defects. The former include grain boundaries and stacking faults while
the latter includes voids and cracks. In this study the zero dimensional defects will be

considered.
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3.1.2. Point defects

Point defects can be classified into intrinsic and extrinsic defects. Intrinsic defects are formed
as a result of a re-arrangement of the host atoms. Extrinsic defects, however, are formed due
to the introduction of foreign defects. These foreign atoms can be introduced intentionally or
unintentionally and are called solutes or impurities, respectively. The three primary types of
point defects are now discussed. A vacancy defect occurs when a lattice has an unoccupied
site. In a binary semiconductor like GaN, this can be due to a Ga atom not being on a Ga site
and/or a N atom not being on a N site. An interstitial defect occurs when there are additional
atoms in between the lattice sites. This type of defect can be divided into self and foreign
interstitials. A self-interstitial arises when one of the native atoms lies between the lattice
sites and a foreign-interstitial occurs when the interstitial atom is a different species from the
host. A substitutional defect occurs when an impurity atom occupies the lattice site of a host
atom. An antisite is a type of substitutional defect where, in the case of GaN, a Ga atom is on
a N site or a N atom on a Ga site. Another point defect to consider is the Frenkel pair. This
occurs when a self-interstitial atom is close to a vacancy. Fig. 3.1 shows a schematic

representation of all these point defects.
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Fig. 3.1 A schematic representation of different point defects
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3.1.2.1. Shallow levels

Shallow levels are point defects that bind to only one charge carrier. They can usually be
treated by the hydrogen model of an atom. An excess or missing electron is bonded to the
impurity atom in the same manner as in a hydrogen atom where an electron is bonded to a
proton. A modified hydrogen model to predict the energy levels is given by the following

equation:

*

m

E, = (3.1)

——FE
mye2n2 1

where m” is the electron or hole effective mass, mo is the electron rest mass, ¢ is the relative
dielectric constant of the semiconductor, n is the number of the state, and En is the hydrogen
atom ground state energy (13.6 eV). The Bohr radius is given by:

myen?

ay (3.2)

where an is the Bohr radius (0.53 A).

Shallow levels require little energy, typically thermal energy, to ionise. Their wave functions
are spread out over several Bohr radii. They are formed by either an acceptor or donor atom
which has been substituted for an atom which is intrinsic to a material. They are important to
semiconductor materials as they can affect the conductivity or conduction (n or p) type of the
semiconductor. When there are both acceptors and donors in the semiconductor, the carrier
concentration can be calculated by the equation |Na - Ng| where Na is the concentration of
acceptors and Ngq is the concentration of donors. The semiconductor will be n-type or p-type

depending on which impurities are more numerous.

When an atom has an extra valence electron it is a donor and the conductivity is n-type. In
this case the defect level will be close to the conduction band. If, however, an atom has one
less valence electron than it should have, it is an acceptor and leads to p-type conductivity. A
defect level formed by an acceptor will be closer to the valence band. In GaN, Ga is a group
I11 element while N is group V. Thus if Si, which is a group IV element, is substituted for Ga,
it will act as a donor. This will make the semiconductor n-type [3]. If, however, it is
substituted for N, it will act as an acceptor, making the semiconductor p-type. If, however,
Mg, which is a group Il element, is substituted for Ga, the semiconductor will be p-type [4].

This is because Mg will act as an acceptor because it has one less electron than Ga.
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The substitution of the host atoms with impurities in order to affect the conductivity of the
material is referred to as doping. Doping in GaN usually occurs during growth. Doping can
be intentional or unintentional. Intentional doping in GaN can be achieved by using dopants
during the growth of the semiconductor [5]. In some semiconductors doping can be achieved
after growth by ion implantation as well as the introduction of radiation induced defects [6].
Unintentional doping usually occurs during the growth of a semiconductor and is due to
contaminants during growth. These contaminants can be either O or Si [7]. The growth of

undoped GaN has largely resulted in n-type conductivity presumably due to contamination.

Fig. 3.2 illustrates the levels induced by impurities in the band gap of a semiconductor. The
donor levels and acceptor levels are close to the band edges of the conduction and valence
band, respectively. In order to maintain charge neutrality, the Fermi level shifts towards the
conduction band when the material is n-type and towards the valence band when the
semiconductor is p-type. Also illustrated are the electron and hole traps, which form part of

the deep levels. These are now discussed in the next section.
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Fig. 3.2 A diagram illustrating the effects on the Fermi level by the acceptor Ea and donor Eq4
levels close to the band edges. Also shown are the positions of an electron and a hole trap.

3.1.2.2.  Deep levels

Defects, which have properties that deviate significantly from those that are predicted by the

hydrogen model, are called deep levels. They require great ionisation energies and contribute
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minimally to the free carriers in a semiconductor. Deep levels will generally have a higher
probability of capturing the majority charge carriers closer to their respective band edges.
Those levels in the upper part of the band gap will have a high probability of capturing
electrons from the conduction band. Similarly, levels in the lower part of the band gap will
have a high probability of capturing holes from the valence band. Deep levels generally bind
charge carriers more strongly than shallow levels. The wave function of a deep level is highly

localised and thus has a high charge density.

3.1.3. Trapping and emission of carriers at deep energy levels

Discrete levels are created in the bandgap of a semiconductor when a foreign atom is added
to a lattice. These discrete levels can also be created when there are crystal imperfections
within the lattice. Defects act as generation centres when the carrier density is below its
equilibrium value and as recombination centres when there are excess carriers in the
semiconductor [8]. These levels affect the electrical and optical properties of a semiconductor

by the capture and emission of charge carriers.

Fig. 3.3 outlines the processes which can occur between the conduction band, defect level
and the valence band. Fig. 3.3 (a) shows a process in which the defect level first captures an
electron from the conduction band and then captures a hole from the valence band. This
process is referred to as recombination. In Fig. 3.3 (b), the electron is emitted to the
conduction band followed by the hole being emitted to the valence band. This process is
called generation. A defect level is defined as a trap if the charge carrier is captured by the
defect level and then emitted from the defect level from which it came. This is illustrated in
Fig. 3.3 (c) where the electron is captured and then emitted back to the conduction band and
Fig. 3.3 (d) where the hole is captured and then emitted back into the valence band. There are
a number of factors which can determine whether a defect level is a trap or a
generation-recombination centre. These include the position of the Fermi level, the

temperature, the defect energy level, and the capture cross sections of the defect.
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Fig. 3.3 Defect levels (a) recombination (b) generation (c) electron trap (d) hole trap.

The electron capture rate is defined as the number of electrons which are captured per second

by the trap (G-R centre). The electron capture rate is given by the following equation:
Cn = op{vyIn (3.3)

where o, is the capture cross section (cm?), «vn> is the average electron thermal velocity
(cm-s) and n is the electron concentration in the conduction band. The capture cross section
can vary in size depending on whether the G-R centre is neutral, positively, or negatively
charged. The average thermal velocity is given by the equation

(vy) = /3kT/m* (3.4)

where k is the Boltzmann constant, T is the temperature (Kelvin), and m* is the effective

mass. The electron concentration can be defined as

Er — Ec] (3.5)

n= Ncexp[ T
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where Nc is the effective density of states (cm™) at the conduction band edge, Er is the Fermi
level (eV), and Ec is the conduction band energy. The thermal emission rate of electrons from

a defect energy level Er into the conduction band is given by

0, {vn)Nc ( Ec — ET)
=————exp|-—

o (3.6)

e‘l’l
where g is the degeneracy of the defect level, Er is the energy level of the defect below the
conduction band minimum, and Ec - Er is the activation energy of the deep level defect. The

effective density of states can be expressed as

3/2

2mrm*kT
) (3.7)

e = 2Me (=

where Mc is the conduction band minima and h is Planck’s constant. Since «wNc is
dependent on T2, it follows that if e, is measured as a function of temperature, Er can be
calculated from the Arrhenius plot of e./T? vs. 1/T. It must be mentioned that the capture
cross section calculated in this manner is referred to as the apparent capture cross section.
This apparent capture cross section does not take into account temperature dependence. The
true capture cross section, however, might depend on temperature. In the case of a capture
barrier, the temperature dependence of the (true) capture cross section is given by
AE,

0 = 0€Xp [_ﬁ (3.8)

Here o is the capture cross section as T tends to oo and AE. is the thermal activation energy

for a charge carrier to overcome the capture barrier.

3.2. DEFECT CHARACTERISATION

3.2.1. Introduction

There are different characterisation techniques that can be used to investigate defects in
semiconductors. These techniques include optical (photoluminescence), structural (atomic
force microscopy {AFM} and x-ray diffraction {XRD}) and electrical (deep level transient
spectroscopy {DLTS} and Hall measurements) methods. In this study electrically active

defects were investigated. Electrically active defects can be subdivided into shallow level and
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deep level defects. Shallow level defects, such as dopants, affect the conductivity of a
semiconductor. The type of conductivity can be obtained by Hall measurements. In an n-type
semiconductor, shallow levels, as indicated in an earlier section, lie close to the conduction
band. Deep level defects, however, lie towards the centre of the band gap. They can be
detrimental or beneficial to a semiconductor depending on the application. The study of these
electronic states in semiconductors therefore becomes imperative as semiconductors form the

basis of the electronics industry.

Early methods, which were used to detect defects, were hampered by the low sensitivity of
the equipment used. Space charge spectroscopy has proven to be quite useful in the
characterisation of electrically active defects. In particular, DLTS has evolved as a powerful
technique for the characterisation of deep level defects in semiconductors. It can be used to
provide valuable information in order to improve various aspects of semiconductor devices.
These include production and manufacturing of semiconductors, the examination of trace
element contamination, process induced defects and analysis of the effect of deep levels on
device performance [9]. A discussion of the importance of DLTS and a brief description of

how it operates will now be given.

3.2.2. DLTS description

The DLTS technique was first introduced by D.V. Lang in 1974 [10]. It has provided a useful
tool as it has been used to study electrically active defects in semiconductors. Also, earlier
methods which were used to detect defects were hampered by, amongst others, the low
sensitivity of the equipment used. With the DLTS technique, low concentration defects and
deep electronic levels in semiconductors can be studied. It is one of the most sensitive defect
detection techniques. At doping levels of 10" cm™ the DLTS technique has a defect
concentration sensitivity of around 10* defects cm. This implies that in a semiconductor

material it has a sensitivity factor of 10 of the free carrier concentration [10].

The DLTS technique probes the space charge region of a semiconductor to characterise
electronically active defects. This is in contrast to some characterisation techniques, which
are designed to characterise defects in bulk samples. DLTS measures deep levels, which are
deeper in the energy band gap than those formed by dopants. The electronic transition of

holes to the valence band and electrons to the conduction band is measured as a change in the
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junction capacitance of a device. As defined in the previous chapter, the depletion width of

~ fZes(Vbl-+V)
w= = (3.9)

where V is the applied voltage. The capacitance due to the depletion region is related to the

SSA qesND
=== ,— 3.10

where A is the area of the metal-semiconductor contact. From Equation 3.10 it can clearly be

Schottky barrier diodes is given by

depletion width by

seen that if a change in the concentration of the trapped charge carriers in the depletion region
occurs, there will be a change in the capacitance. The depletion width that is calculated in
GaN used for this study is in the order of 107 m. Increasing the reverse bias voltage probes
the semiconductor in the depletion region so that the lower this bias voltage the deeper the

sampling depth.

DLTS is a powerful defect analysis technique from which one can calculate the
concentration, the activation energy, the majority carrier capture cross-section and the depth
distribution of the defect. A defect can be uniquely identified using the DLTS technique by
simply calculating the activation energy and the carrier cross section. The combination of
these two quantities is known as the DLTS “signature”. There are a number of factors that
make DLTS a choice technique for analysing defects. These include high sensitivity and non-
destructive characterisation. One can also distinguish between majority and minority carriers.

This can be identified by a positive or a negative peak.

The limitation of the DLTS characterisation technique is that it does not provide the physical
structure of the defects measured. This makes it difficult to correlate the defect level to the
defect itself. It is also difficult to correlate DLTS to other techniques. For example, when
compared to RBS it is difficult to compare the concentration of impurities as these may or
may not correspond to the number of electrically active defects measured.

41



3.2.3. DLTS principles

There are a number of steps which are taken to complete the DLTS measuring process. These
are shown in Fig. 3.4. A reverse bias voltage is applied to the metal-semiconductor junction.
This increases the depletion width. The reverse bias is applied long enough for steady state
conditions to be reached. This is to ensure that all traps in the depletion region are empty i.e.
that there are no carriers which are captured. A forward bias filling pulse is applied to the
junction. This reduces the space charge region and therefore increases the capacitance of the
depletion width. As the space charge region is decreased, the empty traps in this region are

filled (the pulse has to be long enough that the traps are filled).

When the pulse is removed the reverse bias returns to its quiescent state. The space charge
region increases but it becomes larger than it was to compensate for the electrons, which are
trapped. The capacitance is also lower than it was under quiescent conditions. The electrons,
above the Fermi level in the filled traps of the depletion region, are then emitted from these
traps due to thermal processes. These electrons are rapidly swept out of the depletion region
by the electric field in this region so that they are not able to be re-trapped. As the traps

empty, the depletion width and the capacitance return to their quiescent values.

A series of capacitance transients can be measured if the voltage cycle is applied a number of
times. If this is done at different temperatures then a number of these capacitance transients
with different decay time constants will be realised. As a result, a DLTS spectrum can be

obtained by analysing these capacitance transients.

The density of traps, assuming that the filing pulse is long enough such that they are all
occupied by charge carriers at time t after removing the pulse width, is given by

N(t) = Nrexp(—e,t) (3.11)

where Nt is the trap concentration and en is the thermal emission rate. From equations of en
and N(t) it can be shown that a change in the trap concentration will result in a change in the

capacitance, which is dependent on time. If Nt < Np, then the junction capacitance is given
by

C(t) = Cy — ACyexp(—e,t) (3.12)

where Co is the capacitance at equilibrium reverse bias voltage and ACo the change in
capacitance directly after removing the filing pulse.
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Fig. 3.4 A schematic showing the evolution of defect states within a space charge region in
order to acquire a DLTS transient signal.

The DLTS signal is directly related to the defect concentration when the signal is small
enough. This is the case where the number of defects is much smaller than the free carrier

concentration, Nt << Np. Thus the number of defects can be obtained by

AC
NT = ZND_

- (3.13)

The sensitivity of the junction capacitance to trapped charges depends on the location of the
charge in the depletion region. This sensitivity varies linearly from zero at the
metal-semiconductor interface to a maximum at the depletion width. This implies that the

capacitance measurements are insensitive to traps, which are located at the

metal-semiconductor junction. Two regions can thus be considered within the space charge
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region [11]. The first region is close to the metal-semiconductor junction. It consists of
shallow donors and deep levels, which are above the Fermi level. The second region is called

the transition region. The width of this region, which is independent of the depletion width, is

_ ’ZE(EF —Er)

This transition region is the distance from the depletion region edge to where the Fermi level

given by

intersects the defect level. Fig. 3.5 illustrates the relationship between the transition region
and the depletion width of a band bending diagram of a Schottky barrier diode. The diagram

shows the energy bands at zero bias and when a reverse bias is applied [11].
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Fig. 3.5 Energy band diagram of the depletion width of a Schottky barrier diode showing the
A region and the change in the depletion width under zero bias (top) and reverse bias
(bottom). (redrawn from [12])
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SYSTEM

3.2.4. Rate window concept

The DLTS system is designed to detect the maximum response within a preselected rate
window. The system responds by giving a peak output associated with the rate window as
shown in Fig. 3.6. The DLTS signal, which denotes a change in capacitance during different
times, can be plotted as a function of increasing temperature. The rate-window concept is
usually implemented by the DLTS system using a lock-in amplifier and a dual-gated
integrator (also known as a double boxcar). These were originally attached by D.V. Lang in
1974 [10].
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Fig. 3.6 This figure illustrates the peak in the output signal of a defect level when the decay
component of the input signal corresponds with a pre-selected rate window [10]
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Fig. 3.7 A schematic diagram depicting how a DLTS spectrum 1s obtained from the
rate window concept. (a) Various capacitance transients obtained at different times
with increasing temperature and (b) the resulting spectrum from these transients.
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The DLTS signal can be obtained by subtracting the capacitance measured at two different
times namely t1 and to. The difference in these two times, t1 — to, is a time filter known as the
rate window. The double boxcar calculates the difference in the capacitance C(t1) — C(t2).
This difference is converted into a DLTS signal of a thermally activated process and this

signal is given by the equation

S(T) = AColexp(—t1/7) — exp(—tz/7)] (3.15)

where ACy is the capacitance change due to the filling pulse at t = 0.

Fig. 3.7 shows how a DLTS spectrum is obtained. It can be observed from the diagram that at
low temperatures, the DLTS signal is very low. This is caused by the small change in
capacitance between t; and t> which is almost the same for both times. As the temperature
increases the decay rate of the capacitance transient also increases. This causes the change in
capacitance between t1 and t> to increase, thus the DLTS signal increases up to a maximum at
some temperature. As the temperature continues to increase, the decay rate of the transient
also increases. At high temperatures the capacitance transient decays so fast that it decays

before t1. This implies that the DLTS signal will also be low at higher temperatures.

The peak of the DLTS signal will appear at different temperatures for different rate windows.
If equation 3.15 is differentiated with respect to t and the derivative set to equal zero, then the

time constant at which the peak of the DLTS spectrum occurs is given by

t1 —t;

Tmax = m (3.16)

This time constant is related to the peak emission rate such that en = 1/tmax. In order to
calculate the activation energy of a defect level, several spectra are taken at different
emission rates. Equation (3.6) can be written such that

1 1 Ec—ET
= > e kT
en(T) (KpT?0y)

Tmax -

where

3 1
2(2m)232m*k*M,
K, = -
gh

(3.17)

Take the natural log of both sides of the equation, the following equation can then be
obtained:
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Fig. 3.8 Diagram of (a) the shift in peak position of the DLTS signal at various emission
rates and (b) the Arrhenius plots obtained from the peak positions.
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E; — E; 1000

2y — _ -
In(T,0xT*) = — In(K,0, ) + 1000k T

(3.18)

This equation is a straight line graph called an Arrhenius plot and can be obtained by plotting
In(zmaxT2) versus 1000/T. It contains the peaks of the spectra at different temperatures. The
slope of the line (Ec — Et)/1000k gives the defect energy blow the conduction band and the
y-axis intercept —In(Knon) gives its capture cross section. T in this equation, is the temperature
of the DLTS peak. An illustration is shown in Fig. 3.8.

When using conventional DLTS, states with similar emission rates can be separated if they
have different activation energies. The separation of these states can be done by performing a
DLTS scan at various rate windows. Doing this alone, however, will not be of any advantage
if the activation energies are similar. It can occur that states, which have similar emission
rates have different capture properties. In such instances, the deep state with the smaller
capture cross section can be excluded from the measurement by reducing the filling pulse
width. Another method would be to observe the peak shift as the electric field changes. It is
also at times possible to separate a state which shows a strong Poole-Frenkel effect from one

which does not.

3.2.5. Defect identification

The identification and mapping of defects are integral if defects in semiconductors are to be
understood. Space charge spectroscopy assists in identifying defect parameters such as the
energy, capture cross section and trap concentration of defects. They do not, however, give
direct information about the chemical composition, which gives rise to the defect levels. A
defect identification procedure has been proposed which can be used for identifying defects
using DLTS [9]. When one has performed the experiment and analysed the results, there are
couple of steps which can be taken to understand the results that have been found as outline
by Benton et al [9]. A comparison of the DLTS signature can be made with the defects
already identified in literature. This will be useful in compiling a defect library from which
we can compare the different processes, such as irradiation and annealing, which introduce or

induce defects.

The notation used for most defects in this thesis is E_oxxx, Where 0.xxx is the activation
energy of the defect in eV. The activation energy is as determined by an Arrhenius plot. In

order to compare defects, both activation energy and capture cross-section values should be
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compared, taking uncertainties into account. Although the identity of a defect is often
determined by comparing its capture cross section and activation energy with reference

values, the most reliable method is to compare Arrhenius plots.

3.2.6. Defects in GaN

There are two peaks which are commonly observed by DLTS in GaN. The nature of the
defects giving rise to these peaks is as yet unknown. The first of these has been observed by
various authors in GaN layers which have been grown by MOCVD, HVPE and RMBE. The
labels and activation energies of these defects have been reported as trap D (0.24 eV) [13],
E1 (0.264 eV) [14], DLNL1 (0.25 eV) [15], and trap D (0.25 eV) [16,17]. It has been suggested
by Fang et al. that trap D seems to be related to threading dislocations. As the epilayer
thickness is decreased, the concentration of trap D increases with increasing threading

dislocations [17].

The second defect, which has been a dominant defect in GaN, has also been reported by
various authors. They have reported it as E> (0.58 eV) [14], D2 (0.60 eV) [18],
DLN3 (0.59 eV) [15], trap B (0.60 eV) [16], and trap B (0.61 eV) [17]. Haase et. al. have
suggested that the D2 centre that they have observed is the N antisite [18]. This is based on
the effects of 270 keV N?* implantation and annealing.

It has been reported by Look et al. [16], however, that trap B is unchanged by either electron
or plasma irradiation. This, they argue, suggests that it is either unrelated to simple point
defects, or it is related to pre-existing defects such as the Ga vacancy. Trap B is often the
dominant trap in material grown by different methods and therefore they suspect that it is
related to either O, Si, C, or Ga vacancy as these are the most common defect species in
n-GaN. It is, however, argued that it cannot be a simple shallow donor such as a Ga vacancy
since it is an electron trap. This trap, they further argue, could be a complex arrangement of

other impurities and defects [16].
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Chapter 4

Experimental techniques

4.1. INTRODUCTION

This chapter will look at the experimental techniques, which were used in this study. It gives
a general description while the specifics of each technique will be given in more detail in
subsequent chapters as they relate to each relevant investigation. The first section deals with
the preparation of the samples by giving details of the cleaning method. In the second section
the metal deposition techniques are explained. Ohmic contacts were deposited using the
electron beam deposition system while the Schottky contacts were deposited using the
resistive deposition system. Section 4.4 elaborates on the thermal annealing of the samples
and the equipment used. Since the samples were irradiated with ions, a brief explanation of
the ion implantation and irradiation conditions is given in section 4.5. The electrical
characterisation of the samples is described in the last two sections. The I-V and C-V
characterisation measurement techniques and equipment are explained in section 4.5. The

DLTS setup, used to characterise electrically active defects, is described in the last section.

4.2. SAMPLE PREPARATION

The purpose of cleaning a sample prior to metal deposition is to remove surface oxides and
other contaminants, which can affect the operation of a fabricated device. A well-cleaned
surface will result in a relatively intimate metal-semiconductor contact, which can lead to
thermally stable contacts. There are three primary semiconductor cleaning methods, namely
dry (physical), wet (chemical) and vapour (phase) [1]. In this study, wet cleaning was used on
Si-doped GaN. The method for cleaning this semiconductor by wet chemical treatment is
well-established [2]. There are two primary processes for cleaning a semiconductor wafer
using this method, namely degreasing and etching. Firstly, the sample had to be degreased in
order to remove any organic impurities that were on the surface of the GaN sample. These
were boiled in trichloroethylene and isopropanol for 3 minutes each. The samples were then
rinsed in de-ionised water to prepare them for etching. The etching process included placing
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the samples in boiling aqua regia (HCI:HNOs3 of 3:1) for 10 minutes and then dipping them in
an HCI:H>O solution for 1 minute. After each etching step, the samples were rinsed in
deionised water. In all the rinsing steps, the beaker containing the deionised water was placed
in an ultrasonic bath for 2 minutes. Nitrogen gas was used to blow dry the samples to remove
any liquid from the samples.

4.3. METAL DEPOSITION

There are a number of methods, which can be used to deposit metals on semiconductors.
These include electroplating, alloying, sputtering and evaporation. In this study, only the
evaporation techniques were used. These included both resistive (thermal) and electron beam
depositions. The resistive evaporation system was used to deposit Schottky contacts while the
electron beam system was used for the ohmic contacts. Both these metal contacts were
deposited on one side of the GaN substrate as shown in Fig. 4.1. The reason for this is that
GaN is grown on a sapphire (Al.Oz) substrate which is an insulator, thus leaving only one
side of the GaN sample to be electrically active. The ohmic contacts were the first metal
contacts to be deposited on this active side. A thin glass slide was cut in a rectangular shape
and the GaN substrate covered in such a way that only the ohmic contacts could be deposited.
Once the ohmic contacts had been deposited, the GaN was placed on a mask in order to

deposit the Schottky contacts.

Ohmic contact

|

/
/
/

Schottky contact

Fig. 4.1 A diagram showing Schottky and ohmic contacts on a GaN
substrate.
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4.3.1. Electron beam deposition system

The electron beam system employs a physical vapour deposition technique whereby electrons
are accelerated onto a source metal with enough energy to evaporate the metal. This system
was used in this study as it has the ability to deposit four metals without breaking vacuum.
This particular system was installed with an air interlock system, which also allowed samples
to be loaded into the system without breaking vacuum. A picture of the deposition system is
shown in Fig. 4.2. The electron beam system can reach pressures of as low as 10" mbar due
to a turbo pump that is connected in series with a roughing pump. This vacuum is essential to
prevent the reaction of the evaporant with background gases as it traverses the vacuum
chamber to the target substrate. The electron beam system was also used because it can melt
metals with high melting points such as Ti (1668 °C) and W (3422 °C).

999990009 °
290G GeRRe |

Fig. 4.2 A picture of the electron beam system used for ohmic contact
deposition.

4.3.1.1.  Ohmic contacts
The electron beam system was used to deposit ohmic contacts on GaN. These contacts
consisted of Ti (150 A)/ Al (2200 A)/ Ni (400 A)/ Au (500 A). The thicknesses of the
deposited metals were measured by an Inficon thickness monitor. When choosing an ohmic
contact metal for an n-type semiconductor, the work function of the metal must be close to or
smaller than the electron affinity of the semiconductor. Due to this factor Ti (4.33 eV) and Al

55



(4.28 eV) are good candidates for ohmic contact formation on n-GaN. These contacts have
good thermal stability and the contact resistance decreases when annealed at temperatures of
up to 700 °C [3]. The reaction between Ti and GaN should ideally make an ohmic contact. It
has also been argued that when Al is deposited on Ti, the reaction between Ti and Al form a
stable and reliable contact [3]. Ti and Al oxidise easily therefore Au is used as a capping
layer because it is oxidation resistant. Ni is used as a diffusion barrier to reduce the
interaction of Ti/Al with Au [4].

4.3.1.2.  Electron Beam Exposure
The electron beam system was also used for the exposure of samples to electron beam
deposition conditions without deposition. This experimental technique was carried out in
order to investigate the defects, which would be induced under deposition conditions. It was
first explored by Coelho et al. to investigate the prolonged exposure of Ge to electron beam
deposition conditions without deposition [5]. Details of the experiment, as it applies to GaN,

will be explained in the results and discussion chapter of the electron beam exposure study.

4.3.2. Resistive deposition system

The resistive evaporation system that was used in this study can reach a vacuum of as low as
10° mbar. The system has a rough pump in series with a turbo pump, similar to the electron
beam system. A glass bell jar was used to enclose the system. In the resistive evaporation
system, a crucible made out of a refractory metal was used. The refractory metal was heated
by passing a current through it. The amount of current that was used depended on the metal
being deposited as metals with a high melting point require a higher current. The resistive
evaporation system was used to deposit the Schottky contacts onto the GaN substrate. The
deposition rate was between 0.5 and 1 A/s and this was monitored by an Inficon thickness

monitor. A picture of the electron beam system is shown in Fig. 4.3.

A metal with a large work function is required to form a Schottky barrier on GaN. The
Schottky contacts for the EBE experiment had thicknesses of Ni (250 A)/ Au (650 A)
whereas the Cs implantation and Xe irradiation had thicknesses of Ni (200 A)/ Au (600 A).
The differences in these thicknesses do not considerably affect the electrical properties
required for this study. Ni was chosen not only because of its large work function but also
because it has good adhesion to GaN. Au was used as a cap layer as it adhered well to Ni,

was resistant to oxidation and is a good conductor of electricity.
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Fig. 4.3 A picture of the resistive evaporation system used to deposit Schottky

contacts.

4.4. ANNEALING

The annealing in this study was performed by a Lindberg annealing furnace. Fig. 4.4 shows a

diagram of this system. It has the capability of reaching temperatures of up to 1200 °C. A

thermocouple was attached to this system in order to measure the temperature. The annealing

furnace had refractory bricks in order to contain the heat within the system. Ohmic contacts

formed on GaN were annealed at temperatures of up to 500 °C. This was performed for

5 minutes in an Argon gas ambient. The gas flow rate was set to 2 litres per second.

Furnace cover Thermocouple
Gas outlet
— N | - - - = =~ 1 I — = = - - =
A [ | :
| - - - - - - - - - - - - - - —

| Sample holder

<+«— Gasinlet

Quartz tube

Fig. 4.4 A diagram of the Lindberg annealing system.
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4.5. IRRADIATION AND IMPLANTATION

GaN was irradiated with Xe*?® ions of 167 MeV with fluence of up to 10'° cm™ at room
temperature using the 1C-100 FLNR JINR cyclotron in Dubna, Russia. A two dimensional
beam scanning system was used over the whole sample in order to achieve ion beam
homogeneity. A low flux was use to minimise heating the samples. Fig. 4.5 shows the trim
profiles which were used for calculations relating to the Xe*?® jons [6]. These calculations

included the depth of the irradiated ions, and nuclear and electronic stopping loss.
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Fig. 4.5 TRIM profiles of Xe?* irradiated GaN which consist of the
(@) energy loss (b) nuclear loss and (c) ion range.
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Cs* ions of 360 keV were implanted at room temperature with a fluence of up to 10 cm™.
The ion beam was scanned over the whole sample. The implantation was performed at the
Institut fur Festkorperphysik, Friedrich-Schiller-Universitat, Jena, Germany. A low flux was
also used during implantation to minimize heating the samples. Fig. 4.6 shows the TRIM

profiles which were utilised for Cs* ion related calculations [6].
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4.6. DEVISE CHARACTERISATION

4.6.1. Current and capacitance measurements

Electrical characterisation involving both current-voltage (I-V) and capacitance-voltage
measurements (C-V) were performed on the samples. The measurements were done in a dark
enclosure to minimise the influence of light on the results obtained. The I-V measurements
were performed by using an HP 4140B pA Meter/DC Voltage Source. The I-V meter has the
ability to take current measurements of as low as 10* A. The I-V measurements were
performed to ascertain the quality of the Schottky prior to the DLTS measurements.
Parameters that can be extracted from the I-V measurements include the Schottky barrier

height, ideality factor and the series resistance.

The C-V measurements were done using an HP 4192 A LF Impedance Analyser. These
measurements can be performed to obtain parameters such as the Schottky barrier height, the
built-in voltage and the free-carrier concentration. These measurements can also be
performed to obtain the uniformity of the doping profile. A LabView™ routine was used to
collect data from both the I-V and C-V measurements. A schematic of the electrical

connections of the 1-V and C-V setup up is shown in Fig. 4.7.

Computer

HP 4140 B pA Meter HP 4192 A LF
DC Voltage Source Impedance Analyser

IV-CV Station
(Dark enclosure)

Fig. 4.7 Schematic diagram of the electrical wire connection of the I-V and C-V

station setup.
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4.6.2. Deep Level Transient Spectroscopy (DLTS)

The DLTS measurements were performed by a computer controlled system with a closed
cycle helium cryostat. The program used for controlling this system was also used to collect
the measured data. Measurements were performed in the 16 to 380 K temperature range as
this was also the limit of the DLTS system. Fig. 4.8 shows a schematic diagram of the DLTS
system used for the experiments in this study. The temperature was controlled by a Lakeshore
332 temperature controller. A thermocouple was connected to the cryostat close to where the
sample was placed in order to measure the temperature at the sample. A 1 Mhz Boonton 7200
capacitance meter with 100 mV was used to measure the capacitance from the thermal
emission caused by excitation of charge carriers due to the voltage change by the pulse
generator. The pulse generator was an HP 33120A 15 MHz arbitrary waveform generator. It
was controlled by a Labview™ routine. The capacitance meter, pulse generator and

temperature controller were all controlled by a National Instruments GPIB interface card.
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Fig. 4.8 A schematic diagram of the DLTS setup.
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Chapter 5

Results

5.1. INTRODUCTION

The results of this study will be presented in the form of articles which have been published
in internationally recognised, peer reviewed journals. The study consists of the post growth
introduction of defects in GaN by various processes. These processes include electron beam
exposure, ion implantation and swift heavy ion irradiation. The electrically active defects
were characterised by DLTS. The first section is a report on a technique called electron beam
exposure. This is a novel method in which a semiconductor is exposed to deposition
conditions without deposition. The second section is a study of the defects induced by Cs ions
implanted at room temperature. The last section investigates the defects induced by swift

heavy ion irradiation.
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5.2. ELECTRON BEAM EXPOSURE

Paper 1: DLTS characterization of defects in GaN induced by electron

beam exposure

During previous studies [1,2] it was found that electron beam deposition caused damage to
samples that was observable by means of DLTS. This damage was found to be removed by
shielding the sample from the electron gun. This can have an effect on the electrical
properties of the semiconductor, including the introduction of electrically active defects.
Therefore, although it is not common practice, it became standard practice in this laboratory
to install such a shield. Since the electrons do not have enough energy to cause displacement
damage, it is assumed that the damage caused is due to low energy ions accelerated towards
the sample from the electron gun, either directly or possibly by collisions with electrons [3].
In order to have a better understanding of this damage, a procedure was developed by means
of which a high melting point metal (tungsten) was heated (but not evaporated) by an electron
beam while all the shields were removed. This therefore leads to exposure of the
semiconductor substrate to deposition conditions (without deposition) for a prolonged period
of time during which an easily measureable concentration of defects may be produced. This
technique, where GaN was exposed to metal deposition conditions without deposition, was

termed electron beam exposure (EBE) [4].

In order to gain deeper insight into the cause of these defects, this study compares the defects
induced during EBE to defects caused by other device processing methods such as electron,
proton, and gamma irradiation. In the case of Si, GaAs and Ge, it was found that EBE
induced some defects different to those induced by particle irradiation. Since the electron
beam system is used for metal deposition, a comparison was made to defects obtained after
electron beam metal deposition. Lastly a brief summary is given of the results obtained

during EBE on various semiconductors such as Ge, Si, and SiC.

It was found that, in contrast to the case of Si, Ge and SiC, EBE in GaN introduced a single
defect with an energy 0.12 eV and apparent capture cross section 8.0 x 107*® cm? with
properties similar to those of a radiation induced defect previously observed after proton,

electron and gamma radiation.

The present author performed the experiments and wrote the publication with input from the

co-authors.
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Due to space limitations, some relevant information could not be included in the papers, it is

therefore included below.

Table 5.1 Electrical properties of the control and EBE processed GaN samples which were

extracted from current voltage and capacitance voltage measurements.

Control EBE
Current-voltage
Schottky Barrier Height, ¢g (V) 0.719 0.646
Ideality factor, n 2.01 2.67
Series resistance, Rs () 20 255
Currentat -2 V (A) 3.2x107 411 % 10"
Capacitance-voltage
Schottky Barrier Height, ¢g (V) 1.01 1.24
Built-in voltage, Vi (V) 0.842 1.08
Free carrier concentration, Ng (cm™) 1.3 x 10 3.6 x 10%°

As shown in Table 5.1, the current voltage properties of the fabricated diode deteriorated
after EBE processing of the GaN sample. The rectifying properties of the diodes were

however still in a good enough condition to perform DLTS measurements.

Publication details

P.N.M. Ngoepe, W.E. Meyer, F.D. Auret, E. Omotoso, and M. Diale, “DLTS characterization
of defects in GaN induced by electron beam exposure”, Mat. Sci. Semicon. Proc. 64 (2017)
29-31. http://dx.doi.org/10.1016/j.mssp.2017.03.008
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ARTICLE INFO ABSTRACT

Keywords: The deep level transient spectroscopy (DLTS) technique was used to investigate the effects of electron beam
GaN exposure (EBE) on n-GaN. A defect with activation energy of 0.12 eV and capture cross section of 8.0 X 106 cm?
DLTS was induced by the exposure. The defect was similar to defects induced by other irradiation techniques such as

Electron beam exposure
Defect

proton, electron, and gamma irradiation. In comparison to GaN, the EBE induced defects in other materials such
as Si and SiC are similar to those induced by other irradiation methods.

1. Introduction

GaN is a wide bandgap (= 3.4 eV) binary semiconductor which has
been used in various applications because of its optical and electrical
properties. These applications include detecting and emitting devices.
The resistance to radiation damage has been one of the key factors in
making it a suitable candidate for amongst other applications space
applications. High energetic particles are known to induce electrically
active defects in semiconductors. In particular, different processes,
which are known to induce defects, have been investigated in a
controlled environment. Doping is a process by which Cho et al.
investigated the behavior of defects in intentionally and unintentionally
doped n-GaN [1]. Various growth methods have been used to investi-
gate deep levels in GaN. These include reactive molecular beam epitaxy
(RMBE) [2], metal-organic vapour phase epitaxy (MOVPE) [3], hydride
vapour phase epitaxy (HVPE) [4], and epitaxial lateral overgrowth
(ELOG) [5]. A study of defects induced by etching using inductively
coupled plasma (ICP) was performed by Nakamura et al. [6]. Auret
et al. [7] investigated the introduction of defects by different metal
deposition techniques. These included electro-deposition, sputter de-
position, and electron beam deposition. It was reported by these
authors that the deposition of metals using the electron beam deposi-
tion system induces defects in GaN. During metal deposition, the
semiconductor is usually shielded until the metal is evaporated. In
industrial applications, however, it may be difficult to shield the
samples until just before evaporation. A novel method, termed electron
beam exposure (EBE), has been explored by Coelho et al. [8] whereby
Ge was exposed to electron beam deposition conditions without
depositing the metals. This was with the view of investigating the
effect that prolonged exposure of the samples to deposition conditions
would have on the defect properties of the sample. In this study, we

* Corresponding author.
E-mail address: phuti.ngoepe@up.ac.za (P.N.M. Ngoepe).

http://dx.doi.org/10.1016/j.mssp.2017.03.008

investigate the effect of electron beam exposure on GaN using DLTS.
2, Experimental

The study was performed on a Si doped n-type GaN wafer which was
grown by IIVPE. This wafer had a carrier concentration of
1x 107 em™3. The GaN wafer was degreased by boiling in trichlor-
oethylene and isopropanol for 3 min each. Boiling aqua regia was used
to etch the sample for 10 min. After each cleaning step, the sample was
rinsed 3 times in de-ionised water. An HCl:H,O solution was then used
as the last etching step. Thereafter the sample was blown dry with Na.
Ohmic contacts consisting of Ti (150 A)/Al (2200 A)/Ni (400 A)/Au
(500 A) were deposited using the electron beam evaporation system.
The ohmic contacts were annealed for 5 min in flowing Ar. Prior to
loading the sample in the electron beam system, the sample was dipped
in an HCL:H,O solution to remove contaminants that might have formed
on the surface. The sample was then placed in the electron beam
chamber. There are two main sources of particles in an electron beam
system. These included particles that are released from the filament
from which the electrons are accelerated onto the target metal and also
particles which are evaporated from the metals being deposited. The
electron gun was shielded from the target sample. This was done to
reduce stray particles from the electron gun that might impinge on the
sample. Whilst in the electron beam system chamber, the sample was
exposed to electron beam conditions without evaporating any metals. A
crucible containing tungsten was heated at a current of 100 mA for
exposure times of 50 and 80 min. Tungsten was used as a target metal
due to its high melting point (3422 °C). It can simulate electron beam
deposition conditions of metals with lower melting points without
evaporation. Ni (250 A)/ Au (650 ;\) Schottky contact was deposited
using a resistive evaporation system, a process that is known not to
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1369-8001/ © 2017 Published by Elsevier Ltd.
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Fig. 1. DLTS spectra comparing the control sample speetrum to the EBE spectrum.

introduce electrically active defects in measurable quantities. One
sample was subjected to EBE while another sample was used as a
reference. Current-voltage characteristics were performed in order to
verify the suitability of the Schottky contact for deep level transient
spectroscopy {DLTS) measurements. Conventional DLTS was then
employed to measure the defects before and after exposure. The DLTS
measurements were performed by a computer controlled system with a
closed cycle helium cryostat and a 1 MHz Boonton 7200 capacitance
meter.

3. Results and discussion

The DLTS spectra of the control and EBE samples are compared in
Fig. 1. The DLTS spectra were measured using a reverse bias voltage of
—1V, afiling pulse height of 0.2 V and a filing pulse width of 2 ms. The
reverse bias voltage was relatively small in order to probe the space
charge region close to the surface of the metal-semiconductor contact.
The rate window of the measured spectra was 80 s~ *. A compatison is
made for a temperature range of 70 and 200 K as the spectra beyond
these temperatures are the same. The DLTS spectrum shows that a
defect is induced at a peak temperature of 100K after EBE. The
Arrhenius plot of the defects before and after exposure is shown in
Fig. 2. Table 1 compares the EBE induced defect to other irradiation
induced defects. The activation energy of the EBE induced defect and
the apparent capture cross section are 0.12€V and 8.0x107'% em?®
respectively. These parameters were extracted from a multirate window
scan of the DLTS spectra.

The EBE induced defect is a bulk defect in the semiconductor near
the surface of the metal-semiconductor interface. The distinction
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Fig. 2. Arthenius plots of Ni/Au diodes which were resistively evaporated on GaN. One
sample was subjected to EBE while the other was used as a control sample.
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between bulk traps and interface states is that the peak maximum of
the DLTS signal of bulk traps does not move or moves towards lower
temperatures whereas the peak maximum of interface states moves
towards higher temperatures with increasing pulse height. In our study
we observed that the peak maximum of the DLTS signal does not move
with respect to the temperature when we increase the pulse height by
changing the reverse bias voltage.

The activation energy of the EBE defect is similar to the activation
energy of the ER1 defect reported by Goodman et al. [9]. In their study
they irradiated GaN with electrons and protons. Zhang et al. and
Castaldini et al. also irradiated GaN with protons [10,11]. The
activation energies of the induced defects in their studies were 0.13
and 0.12 eV respectively. The proton irradiation was done with
different irradiation energies namely 1.8 MeV and 24 GeV. Umana-
Membreno et al. subjected undoped n-type GaN to ®*’Co gamma
irradiation and also found a defect similar to the EBE induced defect
[12]. The gamma irradiation induced defect had activation energy of
0.13 eV. In their study, Umana-Membreno et al. also observed that the
defect is significantly insensitive to fluence rate. This observation was
comparable to gamma particle radiation investigated by Shmidt et al.
[13]. The concentration of the defect induced by EBE was not affected
by exposure time beyond 50 min. The sample was first exposed to
electron beam conditions for 50 min. After exposure for an additional
30 min, the concentration of the defect remained relatively unchanged.
It seems that saturation is reached after 50 min exposure. We speculate
that the defect might be a complex between a mobile irradiation
induced defect and an immobile as-grown defect, that might not be
electrically active. One would therefore expect the concentration of the
complex to increase until all as-grown defects have reacted, after which
the concentration will level off. The concentration of the EBE induced
defect was 2.6x 10"% em 3,

A comparison of different metallisation techniques is tabulated in
Table 2. The activation energy of the EBE induced defect is smaller than
the activation energies of the defects induced by electron beam and
sputter deposition. These two deposition techniques induced defects
with activation energies of 0.19 eV [14] and 0.22 eV [15] respectively.
Other defects induced by these two methods had higher activation
energies.

In the electron beam deposition (EBD) study, Auret et al. speculated
that some ionised atoms, possibly from the evaporated metal and
residual gasses in the vacuum chamber, reached the surface of the
semiconductor with sufficient energy to damage the sample [14].
During the EBE method, W was heated but not deposited onto the
semiconductor. This produced the conditions under which the radiation
induced damage occurred for long enough to ensure that a measureable
concentration of defects was formed before a metal layer was deposited
(effectively screening the semiconductor from further damage). Since
metals were evaporated during EBD, the ionised atoms from these
metals and other atoms with which subsequent collisions occurred,
could gain sufficient energy to cause more damage on the EBD samples
than the EBE samples.

The as grown defect increased in concentration by approximately a
factor of 2 from 2.4x 10" cm™3 to 4.5x10"® cm™3. The activation
energies of the control and EBE sample of this defect are 0.23 and
0.24 eV respectively. This defect has been reported by various authors.
It has been observed in GaN grown with different methods such as
HVPE, MOVPF, ELOG, and RMBE [16].

Other DLTS studies have been performed on different semiconduc-
tor materials using the EBE method. Danga et al. reported that in Si, the
defect induced was similar to defects induced by proton and alpha
particle irradiation [17]. In 4H-SiC, Omotoso et al. observed that the
defects induced by EBE are similar to those induced by alpha particle
and high-energy electron irradiation [18]. Coelho et al. reported that to
the best of their knowledge, none of the EBE induced defects in Ge had
been reported before [8]. It is interesting to note that apart from Ge, the
defects induced by EBE in other semiconductor materials are similar to

68



P.N.M. Ngoepe et al

Table 1
Comparison of defects induced by the EBE technique and different irradiation methods.

Materials Science in Semiconductor Processing 64 (2017) 29-31

Process Defect label Defect level (eV}) Apparent capture eross seetion (cm?) Peak Temperature (K) Similar defects/Ref.
Electron beam exposure Eoiz 0.12 §.0x107° 100

0.2-2.4MeV electron irradiation ER1 0.13 - 98 9]

2.0 MeV proton irradiation ER1 0.13 - 98 9]

1.8 MeV proton irradiation - 0.13 1x107Y7 100 [10]

24 GeV proton irradiation T1 0.12 1.3%1077 [11]

5%Co gamma irradiation Gy 0.13 4.9x1078 [12z]

Table 2
Comparison between the defect induced by the EBE and different metallisation
techniques.

Process Defect Defect Apparent Peak Similar
label level capture cross  Temperature defects/
&) section (em? (K} Ref.

Electron beam  Fgiz 0.12 8.0107%% 100
exposure

Electron beam  Eel 0.19 1.2%1072 120 [14]
deposition

Sputter ES1 0.22 6.5%1071® 120 [15]
deposition

defects induced by different irradiation methods. This is also consistent
with the findings performed on GaN in this study.

4. Conclusion

Electron beam exposure induced a defect with activation energy of
0.12 eV in GaN. This defect is similar to other defects induced by
different irradiation methods including electron, proton and gamma
particle irradiation. The activation energy of the EBE induced defect
was much lower than other defects induced by different metal deposi-
tion techniques. EBE can thus be another method of introducing the
0.12 eV defect. The as grown defects in the sample were not signifi-
cantly affected by EBE. A comparison of different semiconductors
subjected to EBE indicates that, except for Ge, the EBE induced defects
are similar to other irradiation induced defects.
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5.3. Cs ION IMPLANTATION
Paper 2: Characterisation of Cs ion implanted GaN by DLTS

The study of the effects of implantation of ions in semiconductors gives a clue of the nature
of defects, which are in these semiconductors. lon implantation has been used for, amongst
other applications, device isolation. This section is a study of defects induced in GaN after Cs
ion implantation. The implantation energy was 360 keV with a fluence of up to 10! cm™.
The implantation was performed at room temperature. After Cs ion implantation, the sample
was characterised using DLTS. A defect level with an energy level of 0.19 eV and an
apparent capture cross section of 1.1 x 10"%> cm? was observed. In this study, a comparison
was made to various processing methods used in other studies, which obtained defects with
similar defect energy. These methods included electron beam deposition, rare earth element

implantation, and proton and electron implantation.

Table 5.2 below which was not included in the paper compares the quality of the diodes
before and after irradiation. The current voltage properties of the fabricated diode
deteriorated after Cs ion implantation of the GaN sample. The rectifying properties of the

diodes were however still in a good enough condition to perform DLTS measurements.

Table 5.2 Electrical properties of the control and Cs ion implanted GaN samples, which were

extracted from current voltage and capacitance voltage measurements.

Control Cs ion implantation
Current-voltage
Schottky Barrier Height, ¢g (eV) 0.97 0.57
Ideality factor, n 2.14 3.38
Series resistance, Rs (Q2) 100 26
Current at -2 V (A) 48 x 101 9.1 x10°
Capacitance-voltage
Schottky Barrier Height, ¢g (€V) 0.86 0.91
Built-in voltage, Vii (V) 0.699 0.725
Free carrier concentration, Ng (cm™) 1.4 x 10Y 5.5 x 106
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Keywords:

Deep level transient spectroscopy (DLTS) was used to characterise Cs implanted GaN grown by hydride vapour

GaN phase epitaxy (HVPE). This implantation was done at room temperature using energy of 360 keV to a fluence of

Cs implantation
Defect
DLTS

107" em~2. A defect with activation energy of .19 ¢V below the conduction band and an apparent capture cross
section of 1.1 x 10 '° em? was induced. This defect has previously been observed after rare earth element (Eu,
Fr and Pr) implantation. It has also been reported after electron, proton and He ion implantation.

1. Introduction

Gallium nitride (GaN) is a binary semiconductor with a direct
bandgap of 3.4 €V. GaN based devices have promising prospects in
military, satellite and commercial applications. This is due to the
optical, electronic and mechanical properties of GaN. Devices which
can be fabricated from GaN include both light detecting and emitting
devices, such as solar-blind detectors and light emitting diodes (LED's)
respectively [1].

An important mechanical characteristic of GaN is its radiation
hardness. It has a strong resistance to radiation damage due to its high
bond strength. The density of GaN is 6.10 g/cm® and the displacement
energies of gallium and nitrogen are 19 and 22 eV respectively [2]. This
makes GaN more radiation resistant than GaAs for instance. Moreover,
the radiation hardness of GaN makes it more suitable for higher
irradiation doses as the amorphisation threshold is much higher. Ton
implantation has heen employed in various studies for different
purposes in GaN. It has been utilised for doping using rare earth
elements and transition metals [3,4] and for processing GaN-based
devices such as LED's and field effect transistors [1]. Material damage
caused by ion implantation and the effect of this damage on material
properties have also been investigated by Ronning et al. [5].

Of particular interest is the growing research related to ion
irradiation of GaN and the effect of the induced defects on its electrical
properties. These defects can have a detrimental or beneficial effect on
the fabricated device depending on its application. Defects induced in
GaN by different particles such as protons, electrons, and numerous
ions have been studied by various authors. A variety of ions have been
implanted in GaN at various energies, including the several hundred
keV range, in order to study the effect on its electrical and optical
properties [3,4]. To the best of our knowledge no studies have been
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done on Cs jon implanted GaN.

Cs is an alkali metal that has been utilised in photo sensitive
applications. It has been used in the synthesis of highly spectrally
sensitive photocathodes to produce GaN based photodetectors.
Kampen et al. [6] are among the few authors who have investigated
the adsorption of Cs on n-GaN [6]. Also, Ji et al. used density
functional theory (DFT) calculations to investigate the effects of Ga
and N shallow vacancy defects on the adsorption of Cs on GaN [7]. In
this study GaN was implanted with Cs jons with the view of studying
the defects induced by this implantation process. The clectrically active
defects were measured ex sifu using deep level transient spectroscopy
(DLTS).

2. Experimental

In this study Si doped GaN grown by hydride vapour phase epitaxy
(HVPE) was utilised. The samples had a free carrier density of 1 x
10'7em™. The cleaning of the samples involved degreasing and
ctching. Firstly, the samples were submerged for 3 min in boiling
TCE and for another 3 min in boiling isopropanol. They were then
rinsed 3 times in de-ionised water. The samples were etched in boiling
aqua regia for 10 min. This was followed by another etching process
whereby the samples were dipped in HCL:H»O solution for 60s.
Between each of the etching steps de-ionised water was used to rinse
the samples. The samples were then blown dry with nitrogen prior to
metal deposition. An ohmic contact consisting of Ti (150 A)/ Al
(2200 A) / Ni (450 &) / Au (550 A) was then deposited onto the GaN
using an electron heam system. The samples were later annealed at
500 °C in a furnace for 5 min in an argon ambient with the argon gas
flowing at 21 per minute. Annealing was done in order to minimise
contact resistance, Schottky diodes with a diameter of 0.6 mm were

72



P.N.M. Ngoepe et al.

0.03 == T T T T T
ED?G E
—— 200Hz 1
500 Hz 1
0.02 —— 2000Hz -

DLTS signal (pF)

L e e e S e e L B
PRI BR

.0.01 1 1 1 1 1 1
60 80 100 120 140 160 180

Temperature (K)

Fig. 1. DLTS signals of Cs implanted GaN measured at different rate windows.

then evaporated through a mask onto the GaN samples using a resistive
evaporation system. The Schottky contact consisted of Ni (200 A) as the
first layer and Au (600 A) as a cap layer. The characterisation of the
samples involved measuring the current-voltage (I-V) response to
assess whether the diodes were good enough to characterise electrically
active defects using DLTS. The defect characterisation was performed
in the 80-200 K temperature range. The measurements were taken
before and after processing the samples. The samples were implanted
with Cs jons at 360 keV to a fluence of 10! em™2 at room temperature,
To determine the DLTS signature, the spectra were measured at
different emission rates ranging from 5 to 2000s™!. The DLTS
measurements were performed by a computer controlled system with
a closed cycle helium cryostat and a 1 MHz Boonton 7200 capacitance
meter.

3. Results and discussion

The DLTS spectra of Cs implanted GaN are shown in Fig. 1. The
measurements were performed at a reverse bias voltage of -1V, a
filling pulse amplitude of 0.5V and a filling pulse width of 1 ms. The
DLTS signature, namely the defect energy level and apparent capture
cross section, was determined from the Arrhenius plots shown in Tig. 2.
The defect with activation energy of 0.26 eV is a common as grown
defect in GaN. The calculated apparent capture cross section was 9.4 x
1071 em?®. This defect was observed by Hacke et al. in HVPE grown
GaN [8].

A new defect, which we have labelled E,, was observed after Cs ion
implantation at peak temperature of 119 K using a rate window of
80 571, This defect has an energy level of 0.19 ¢V and an apparent

28 T T T T T T T
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20 4
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log[T2/e]
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14 | e

Cs implanted sample
Control sample

1.2
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5.0 55 6.0

1000/T (K1)

Fig. 2. Arrhenius plots of NifAu diodes which were resistively evaporated on GaN. One
sample was subjected o Cs implantation while the other was used as a control sample.
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capture cross section of 1.1 x 10715 em®,

Table 1 contains defects which are similar to this defect. Auret et al.
reported a defect with activation energy of 0.19 eV below the conduc-
tion band [9]. This defect was induced after the electron beam
deposition of a Schottky contact consisting of Ru. They compared their
findings to those of Fang et al. [10] and Auret et al. [11]. The former
obtained a defect with activation energy of 0.18 ¢V after electron
irradiation while the latter observed a defect with activation energy
of 0.20 ¢V after both proton and He ion irradiation. In their study,
Fang et al. noted that should the capture cross section that they
obtained be temperature dependent, the 0.18 eV defect could be
compared to the E. — 0.07 ¢V defect observed by Look et al. [12].
They used Hall measurements to study electron irradiated GaN. In
their investigation they attributed the defect they had characterised to a
nitrogen vacancy.

Janse van Rensburg et al. also observed a defect with activation
energy of 0.19 ¢V [3]. They implanted GaN with Xe and Eu ions. Song
et al. implanted GaN with 2 rare earth clements, namely Er and Pr [13].
They also obtained defects for both the Er and Pr implanted GaN with
activation energy of 0.19 eV. They then compared their results to those
obtain hy Filhol et al. who used density functional theory (DFT)
calculations to investigate doping of GaN with rarc carth clements
(Eu, Er, and Tm} [14]. Janse van Rensburg et al. also compared their
results to those obtained by Filhol et al. By introducing rare earth
dopants to GaN, Filhol et al. concluded from their studies that rare
earth substitutional Ga sites, REg,, bound more strongly with a
nitrogen vacancy. Since in their investigation Janse van Rensburg
et al. compared the implantation of Xe to the implantation of Eu, the
latter being a rare earth element, and found the same activation
energies for hoth defects, they concluded that the 0.19 eV defect is
not just a rare earth element related defect. This defect, they added,
was more of a general structure in which the Ga could have been
substituted by another implanted species to form a defect complex with
the nitrogen vacancy.

From transport of ions in matter (TRIM) calculations [15], the
penetration depth of 360 keV Cs jons in GaN is 73 nm with a straggle of
30 nm and a fluence of 1 x 10! em™ leading to a peak concentration
of about 1 x 10" ¢m™ Cs atoms. From depletion width calculations,
the depletion depth was 80 nm during the pulse bias and 160 nm
during the quiescent reverse bias conditions. It is therefore expected
that the DLTS measurements would probe a region with significant Cs
concentration and that any electrically active defects directly related to
Cs would be detected by DLTS. Since no unique DLTS peaks were
observed, it is concluded that no Cs related peaks were observed, and
that Cs probably does not lead to electrically active defects in GaN.

4. Conclusion

Cs jon implantation in GaN at room temperature induces a defect
with energy level of 0.19 eV below the conduction band. Defects with
this energy level have been observed using different processing
methods including the deposition of Ru using electron beam deposition
and Xe and Eu ion implantation. Other rare earth elements which have
induced this defect after implantation include Er and Pr. This defect
has also been observed after proton, He and electron irradiation. In
comparison to defects obtained in other studies, it has become
apparent that the Eeo defect is not just a defect related to the
implantation of Cs ions. It is therefore not an intrinsic defect but a
defect related to irradiation effects.
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Table 1
Comparison of defects with similar activation energies.

Physica B 535 (2018} 9698

Process Defect label Defect level (eV) Apparent capture eross section (em®) Peak temperature (K} Reference
Cs fmplantation E¢s 0.19 1.1 x 10718 119 This study
Electron beam deposition Eel 0.19 1.2 x 10718 120 [9]

Xe implantation Exer 0.19 1.2 x 10718 - [31

Eu implantation Egut 0.19 2.6 x 1071 - 3]

Er implantation Er15/900 0.19 5.6 % 10718 - [13]

Pr implantation Pr15/1050 0.19 5.6 % 1071 - [13]
Proton and He ion irradiation ER3 0.20 4.0 % 10713 121 [11]
Eleetron irradiation - 0.18 2.5 % 10718 118 [10]
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5.4. Xe ION IRRADIATION

Paper 3: Deep level transient spectroscopy characterisation of Xe
irradiated GaN

GaN is a radiation hard semiconductor. This is one of the properties that make it suitable for,
amongst others, space applications. The bombardment of a device by particles can affect its
operation. It thus becomes important to study the effect of such particles on the
semiconductors on which the devices are based. In this study, swift heavy ions were
irradiated into GaN with the intention of studying the defect levels induced in them. The
irradiation energy of the ions was 167 MeV with fluence of up to 10'° cm?. The
current-voltage characteristics before and after irradiation were compared. Deep level
transient spectroscopy was then used to characterise the defect levels induced by the
irradiation. The defects were then compared to those reported by other studies. The
processing methods in other studies included thermal annealing and In doping. Some authors
also obtained similar defect by modelling. SRIM calculations were also performed to

calculate the penetration depth of the Xe ions.

Table 5.3 summarizes the quality of the Schottky diodes before and after irradiation. The
current voltage properties of the fabricated diode deteriorated after Xe ion irradiation of the
GaN sample. The rectifying properties of the diodes were however still in a good enough

condition to perform DLTS measurements.

Fig.5.1 contains the DLTS spectra for the un-irradiated and Xe ion irradiated GaN. The
DLTS spectra have been included in this section to highlight the 0.58 eV defect, which was

not observed after Xe irradiation. This defect, it seems, was suppressed by Xe irradiation.
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Table 5.3 Electrical properties of the un-irradiated and Xe ion irradiated GaN samples, which

were extracted from current voltage and capacitance voltage measurements.

Un-irradiated

Xe ion irradiation

Current-voltage

Schottky Barrier Height, ¢g (V) 1.15 0.507
Ideality factor, n 1.84 2.03
Series resistance, Rs (Q2) 156 44
Current at -2 V (A) 8.0 x 10° 1.9 x 10
Capacitance-voltage
Schottky Barrier Height, ¢g (V) 0.93 1.1
Built-in voltage, Vi (V) 0.771 0.899
Free carrier concentration, Ng (cm™) 1.3 x 10 3.3x 10
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Fig. 5.1 DLTS spectra of un-irradiated and Xe irradiated GaN. Where
indicated, the spectra have been increased by a factor of 50 for clarity. The
spectra were recorded using a reverse bias of -2 V, filling pulse of OV, filling
pulse width of 2ms and emission rate window of 80 s,
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In this study n-type GaN was subjected to irradiation. This irradiation was performed by Xe'?® of
167 MeV to a fluence of 10'° cm Z at room temperature, Irradiation resulted in an increase in the reverse
current by about 10 orders of magnitude, This has been explained by the generation/recombination cen-
Lers formed during irradiation. Using the deep level transient spectroscopy (DLTS) technique, two delects
were identified after irradiation with activation energies of 0.07 and 0.48 eV below the conduction band.
These defects have similar signatures to other defects observed after electron irradiation, thermal anneal-

@ 2017 Published by Elsevier B.V.

1. Introduction

Gallium nitride (GaN) is a wide direct bandgap semiconductor
with a hexagonal wurzite crystal structure. GaN based material
systems have been studied for various optoelectronic applications.
These include absorbing devices such as detectors and emitting
devices such as light emitting diodes (LED's) [1]. The bandgap of
GaN based materials can be varied from 1.9eV (InN) to 6.3 eV
(AIN). This property makes these materials good candidates for
fabrication of devices in a wide spectral range. In addition, the
low thermal carrier generation rates and high breakdown fields
of GaN make it a good candidate for high temperature and high
power electronics.

GaN is a radiation hard material, thus devices based on this
material can operate under chemically harsh conditions. The dis-
placement energies of gallium and nitrogen in GaN are 19 and
22 eV respectively [2,3]. Defects can be induced in materials by
ion bombardment in outer space or by nuclear applications, There-
fore, it is important to simulate similar conditions in a controlled
environment in order to understand the defects formed in these
materials.

The irradiation of protons, electrons and various ions has been
performed on GaN with the aim of understanding defects induced
in these materials [4-8|. In particular, defects induced in GaN after
swift heavy ion (SHI) irradiation have been studied using various
techniques |9,10]. lon irradiation has the advantage that uniform
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spatial tailoring can be readily achieved. The effects of ion beamns
on materials are dependent on a number of factors including ion
energy, ion species, fluence and the irradiation temperature
[10,11]. It is therefore important to understand the effect of these
parameters on the properties of semiconductor materials. Irradia-
tion on GaN by 92 MeV Xe ions has previously been studied [9].
In this study the deep level transient spectroscopy (DLTS) tech-
nique was used to investigate defects induced in GaN by
167 MeV Xe ion irradiation.

2. Experimental

Hydride vapour phase epitaxy (HVPE) grown GaN was used in
this study. The n-type conductivity of GaN was formed by Si dop-
ing. The GaN samples were prepared using a well-established
cleaning recipe. The samples were first degreased in beiling tri-
chloroethylene and then isopropanol for 3 min. Thereafter, they
were etched in boiling aqua regia for 10 min. Nitrogen was lastly
used to blow dry the samples. Ohmic contacts consisting of Ti
(150 A)/Al (2200 A)/Ni (450 A)/Au (550 A) [12] were evaporated
onto the samples using an electron beam deposition system, The
samples were shielded from the trajectory of electrons from the
e-beam gun system to minimize the impact of these electrons on
the material, The samples were then annealed for 5 min in an
argon ambient. Ni (200 A)/Au (600 A) Schottky contact with a
diameter of 0.6 mm was deposited using a resistive deposition sys-
tem, This deposition system is less likely to induce defects in mea-
surable quantities as no energetic particles and high accelerating
potentials are present when compared to an e-beam system. The
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samples were then irradiated with Xe*™® ions of 167 MeV to a flu-
ence of 10'° cm 2 at room temperature. Current-voltage (I-V) mea-
surements of the samples were performed, at room temperature, in
order to determine the quality of the Schottky diode. The I-V char-
acteristics indicated that the diodes were suitable for DLTS mea-
surements. The DLTS system was used to electrically characterize
the defects in the samples. The DLTS “signature”, which consists
of the defect energy level and the apparent capture cross section,
was determined from DLTS spectra measured at different rate win-
dows. The measured rate windows varied from 5 to 2000 s~". The
DLTS spectra were acquired at a reverse bias voltage of —2 V, filling
pulse amplitude of 0 V, and a filing pulse width of 2 ms. A SRIM
code was used to estimate the depth of the irradiated ions, and
the nuclear and electronic stopping loss [13].

3. Results and discussion

Fig. 1 compares the un-irradiated and Xe irradiated I-V charac-
teristics of GaN based Schottky diodes. There was an increase in
the reverse leakage current of the diodes after Xe irradiation. The
reverse bias leakage current of the diode at -2 V increased from
1.1 x 107" to 1.9 x 10°* A. This signaled a degradation of the
diode after irradiation. Defect traps in the depletion region may
serve as generation/ recombination centers, causing high leakage
currents.

Fig. 2 is a comparison of the DLTS spectra of the un-irradiated
and Xe irradiated GaN. The temperature range of the measurement
was 60 to 290 K. Prior to Xe irradiation there were 2 as-grown
defects which have been widely reported, with energy levels at
0.24 and 0.58 eV below the conduction band. These have apparent
capture cross sections of 1.9 x 10 '® and 1.2 x 10 '° cm?, respec-
tively. These defects are growth related and have been reported
for different growth techniques such as HVPE, metal-organic
vapour phase epitaxy (MOVPE) and reactive molecular beam epi-
taxy (RMBE) and epitaxial lateral overgrowth (ELO) MOVPE [14].

Table 1 shows a comparison of the results obtained in this and
other studies. The peak temperatures of the defects obtained in this
study, which are indicated in the table, were measured at an emis-
sion rate of 80 s '. Two new defects observed after Xe irradiation
are indicated by the Arrhenius plots in Fig. 3. The energy levels
of these defects were 0.07 and 0.48 eV below the conduction band.
The 0.07 eV defect has an apparent capture cross section of
5.1 x 1072° cm?. This defect is similar to those reported by Good-
man et al. and Polenta et al. [ 15,16]. They both reported an activa-
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Fig. 1. [-V characteristics of un-irradiated and Xe irradiated GaN measured at room
temperature.
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Fig. 2. DLTS spectra of un-irradiated and Xe irradiated GaN. Where indicated, the
spectra have been increased by a factor of 50 for clarity. The spectra were recorded
using a reverse bias of -2V, filing pulse of 0V, filing pulse width of 2 ms and
emission rate window of 80s~".

tion energy of 0.06 eV and an apparent capture cross section of
2 x 107" cm? and 1-3 x 107?° cm? respectively. Goodman et al.
modeled the defect by simulating a DLTS spectrum whereas Pole-
nta et al. observed it after 1 MeV electron irradiation. When the
GaN sample was measured again after a couple of weeks, the
0.07 eV defect was not observed. This indicates that the defect
annealed out at room temperature after some time. This implies
that the defect was not stable at room temperature.

The defect with activation energy of 0.48 eV had an apparent
capture cross section of 1.5 x 10" c¢m?® Similar defects were
obtained by different research groups. Reddy et al. [17] obtained
the E2 defect with an activation energy of 0.49 eV. This defect
was induced after thermal annealing. Cho et al. [18] also obtained
a similar defect, also labeled E2, and obtained after In doping.
There was a change in the activation energy of the 0.24 eV defect
after Xe irradiation. The activation energy was increased to
0.29 eV, This change in the activation energy could be attributed
to base line effects of the 0.48 eV defect. The as grown 0.58 eV
defect was not observed after Xe irradiation. It seems that the
defect was suppressed by Xe irradiation.

The SRIM program was utilised to determine the depth profile
and the energy loss of the Xe ions in GaN. The projected range of
the Xe ions was 11 pm. Since the thickness of the GaN layer is
5 pum, this implies that the ions went through the entire GaN thin
film. The electron energy loss, also calculated from SRIM, was
28 keV/nm whilst the nuclear energy loss was 0.13 keV/nm [13].
It is suspected that ion tracks were formed by Xe irradiation in this
study. Mansouri et al. reported track formation by 92 MeV Xe irra-
diation [9]. They suspected that the ion track formation threshold
for electronic energy loss is 17 keV/mm.

4. Conclusion

High energy Xe irradiation has been carried out on n-type GaN.
The reverse current of the diode measured at - 2 V increased by 10
orders of magnitude after irradiation. Two defects were observed
after irradiation with activation energies 0.07 and the 0.48 eV
below the conduction band. The 0.07 eV defect was similar to
defects which have been modeled and measured after electron
irradiation. This defect annealed out at room temperature after
some time. The 0.48 eV was similar to defects which were induced
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Defects observed after different processing techniques.

71

Process Defect label Defect level (eV) Apparent capture cross section fem?) Peak Temperature (K) Similar defects/Ref.
As grown Eo.24 0.24 19x107'° 150 [14]
As grown Eoss 0.58 1.2 x 107" 323 |14]
Xe irradiation Enoy 0.07 51107 86 [15,16]
Xe irradiation Epas 0.48 1.5x 10710 265 [17,18]
Modelling ER3b 0.06 2 10719 87 |15]
Modelling ED1 0.060 1-3 x 107%° - [16]
Thermal annealing E2 0.49 543 x 10717 - [17]
In doping E2 0.50 494 « 107V - 18]
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Fig. 3. Arrhenius plot of defects in resistively evaporated Ni/Au diodes on GaN. One
sample was subjected to Xe irradiation while the other was a control sample.

by thermal annealing and In doping. The activation enthalpy of the
as grown 0.24 eV defect increased to 0.29 eV due to baseline
effects. The 0.58 eV defect was not observed after Xe irradiation.
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5.5. SUMMARY OF RESULTS

Table 5.4 Table consisting of all the defects which were induced in GaN in this study

Defect Defect level Apparent capture Peak
Process )
label eV) cross section (cm?) Temperature (K)
Electron beam 16
exposure 0.12 0.12 8.0x 10 100
_Cs Ecs 0.19 1.1 x 1075 119
implantation ' '
Xe irradiation Eo.07 0.07 5.1 x 10°% 86
Eoas 0.48 1.5x 10" 265
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Chapter 6

Conclusions

6.1. INTRODUCTION

DLTS was successfully used to characterise electrically active defects in n-type GaN. This
characterisation was performed after various processing techniques. In each of the studies
performed, there were defects which were induced by each processing technique. The
conclusions in this chapter will be discussed based on the specific study done for each

processing technique. Future work is also outlined in this chapter.

6.2. ELECTRON BEAM EXPOSURE

A defect with energy level of 0.12 eV and apparent capture cross section of 8.0 x 106 cm?

was observed after electron beam exposure. This defect was similar to defects induced by
other processing techniques such as electron, proton and gamma particle irradiation. The
electron beam exposure induced defect has a lower activation energy compared to the defects

used in electron beam deposition. This is due to the energy of the impinging metal atoms

6.3. Cs ION IMPLANTATION

The implantation of Cs ions into GaN resulted in a defect with energy level of 0.19 eV and
apparent capture cross section of 1.1 x 10> cm?. This defect is comparable to defects found
in other DLTS studies, which had ions such as Xe, Eu, Er and Pr implanted in GaN. Although
the defect found in the electron beam exposure was not comparable to electron beam
deposition, it was found that Cs ion implantation induced a defect with similar characteristics

to a defect induced by electron beam deposition.
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6.4. Xe ION IRRADIATION

The irradiation of GaN by Xe ions at energy of 167 eV caused significant damage to the
semiconductor. Defects with energy levels of 0.07 and 0.48 eV and apparent capture cross
section of 5.1 x 10%° cm? and 1.5 x 10 cm? were induced respectively. The 0.07 eV defect
was not observed after a couple of weeks. This was attributed to annealing at room
temperature. The irradiation by Xe ions altered the electrical properties of the Ni/Au Schottky
diodes and thus caused a significant increase in the leakage current. The reverse bias voltage
was increased by 10 orders of magnitude from 1.1 x 10* A to 1.9 x 10* A. The as deposited
defect with an energy level of 0.58 eV was not observed after Xe irradiation. This defect was

suppressed by Xe irradiation.

6.5. SUMMARY

This study investigated defects induced in identical GaN samples by ions with greatly
varying energies. Four distinct electrically active defects were observed. Since defects similar
to the defects observed were found by other investigators using different ions, it is concluded
the defects observed during the investigations were not specific to the ions incident on the
materials, and are therefore either intrinsic defects or related to impurities. It therefore seems
that the species of defect observed depended on the energy of the incident ions, showing that
the energy of the incident ion had a significant effect on the species of defect created.

This information will assist in understanding defects formed in GaN during processes
involving interactions with ions, ranging from processing steps during fabrication, to
radiation exposure during use. This knowledge will lead to GaN devices with improved
quality and reliability.

6.6. FUTURE WORK

Future work will encompass the following:

e Annealing studies to observe the evolution of the defects.
¢ Investigation of the influence of the defects on the electronic and optoelectronic operation
of these devices at different temperatures.

e Characterising defects after varying the fluence of the implanted and irradiated ions.
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Using shorter periods of electron beam exposure to verify the time required to reach
defect saturation concentration.

Verifying the possible ion track formation by Xe?%* ion using TEM

Exposure to high fluence ion implantation with the aim of studying the recrystallization
of the damaged surface layer via surface morphology techniques. This recrystallization

process could provide a regrown layer with novel defect structures.
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