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Abstract

Defects usually have a very large influence on the semiconductor material properties and hence on
fabricated electronic devices. The nature and properties of defects in semiconducting materials can
be investigated by applying electrical characterization techniques such as thermal admittance
spectroscopy (TAS), deep level transient spectroscopy (DLTS) and high resolution Laplace-DLTS
measurements. This dissertation presents the electrical characterisation of two different wide
bandgap semiconducting materials (polycrystalline diamond and GaN) which have both recently
attracted a great deal of attention because of their potential applications in the fields of power
electronics and optoelectronics. Raman spectroscopy, I-V and C-V measurements were carried out

as supporting experiments for the above investigations.

The first part of this work focuses on studying the effect of B concentration on the electronic states
in polycrystalline diamond thin films grown on silicon by the hot filament chemical vapour
deposition method. A combination of high-resolution LDLTS and direct-capture cross-section
measurements was used to investigate whether the deep electronic states present in the layers
originated from point or extended defects. There was good agreement between data on deep
electronic levels obtained from DLTS and TAS experiments. A number of hole traps have been
detected; the majority of these levels show an unusual dependence of the DLTS signal on the fill
pulse duration which is interpreted as possibly the levels are part of extended defects within the
grain boundaries. In contrast, a defect level found in a more highly doped film, with an activation
energy of ~0.37 eV, exhibited behaviour characteristic of an isolated point defect, which we

attribute to B-related centres in the bulk diamond, away from the dislocations.

The second part of this thesis presents electrical measurements carried out at temperatures up to
450 K in order to study the electronic states associated with Mg in Mg-doped GaN films grown on
sapphire by metalorganic vapour phase epitaxy, and to determine how these are affected by the
threading dislocation density (TDD). Two different buffer layer schemes between the film and the
sapphire substrate were used, giving rise to different TDDs in the GaN. Admittance spectroscopy
of the films finds a single impurity-related acceptor level. It is observed in theses experiments that
admittance spectroscopy detects no traps that can be attributed to extended defects, despite the fact
that the dislocations are well-known to be active recombination centres. This unexpected finding

is discussed in detail.

Vil
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Chapter 1: Introduction

1. Introduction

1.1 Overview

In 1952, Hall presented the first germanium based power device with the highest break-
down voltage and switching capabilities [1], and since that time the semiconductor
industry has been continuously developing. Germanium was the preferred semiconduc-
tor material until the end of the 1950's when silicon started to replace germanium,
having superior-electrical properties and offering the best native oxide (SiO,) among all
known semiconductors. The ability to form a thin native oxide layer was one of the
primary factors which led silicon to becoming the most preferred semiconductor. This
layer can serve as an electrical insulator, a barrier material during implanta-
tion/diffusion, as an important layer in the MOS device structures, or as an interlayer

dielectric in multichip modules.

For many decades, semiconducting silicon has dominated the electronics industry; it has
been widely studied and understood, also techniques have been developed to control and
enhance its features. Nowadays, the vast majority of the fabricated semiconductor
devices require the implementation of silicon. Remarkable technological achievements
include high frequency operations, the fabrication of silicon based power devices, and
MOSFETs (Metal Oxide Semiconductor Field Effect Transistors). Silicon nanostruc-
tures are an increasingly important component of many devices. MOSFETs suffer from
significant limitations due to the high on-state resistance induced by the increase in the
off-state performance, giving rise to overall losses [2]. In addition, due to its small
bandgap (1.12 eV), low carrier mobility and relatively poor thermal conductivity, silicon
may have reached its maximum potential and therefore be incapable of meeting the
increasing demands of the electronics industry. These limitations are indicative that
different materials are necessary for future generations of electronic devices, particularly
for power electronics, RF, optoelectronics and lasers that cover a wider range of the

electromagnetic spectrum.
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Wide bandgap (WBG) materials have recently attracted a great deal of attention because
of their applications in efficient light-emitting devices (LEDs) and potential for use in
high-power, high voltage, high-temperature and high-frequency electronic operations.
Silicon carbide (SiC), gallium nitride (GaN), and diamond are amongst the WBG
semiconductors that have already started to be investigated for power and optical applica-
tions [3-5]. However, these materials have to be thoroughly investigated, bottlenecks in
the development and fabrication of the desired electronic devices have to be solved, and
much work is required in order to develop the necessary techniques to control the
properties of these semiconducting materials. Furthermore, the ever growing require-
ments for downscaling of device dimensions gives rise to complicated physical
phenomena. As scaling increases, the presence of defects in the semiconductor becomes
increasingly detrimental- to the device performance and a vast amount of research has
been performed to identify and eliminate them or control their behaviour. In addition to
the study of defects, investigation of novel semiconducting materials has increased
during the last few decades in order to provide an alternative that can have sufficiently
good properties to one day replace the silicon technology. A wide range of experimental
techniques have been developed to ensure adequate information about the properties of
these defects can be obtained and is subsequently used in order to produce more effi-

cient devices.

The present work investigates the electrical properties of two WBG materials: GaN and
semiconducting diamond. Electrical characterisation of defects was performed using
suitable techniques for this purpose, namely high resolution Laplace Deep Level Tran-

sient Spectroscopy (LDLTS) and Thermal Admittance Spectroscopy (TAS).

1.2 Aim and motivation of this work

In this research the existence of deep traps is investigated in two different semiconduc-
tor systems; B-doped polycrystalline diamond and Mg doped GaN epitaxial layers.

These materials have huge potential for different applications, as briefly discussed next.
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The first aim of this work was to determine the effect of B concentration on the elec-
tronic states in polycrystalline diamond thin films grown on silicon by the HF-CVD (hot
filament chemical vapour deposition) method. The second was to study the electronic
states associated with Mg doping in GaN films grown by MOVPE (metalorganic vapour
phase epitaxy) on sapphire substrates, and to determine how these are affected by

differing threading dislocation densities (TDDs).

The main focus of this research is to investigate the electrical properties of defects in
both semiconductors, as the processes that occur at deep levels within the bangap of
either of the mentioned materials can limit the performance and service lifetime of
devices made from them. Despite many years of diamond research, little is known about
native and extrinsic defects in CVD polycrystalline diamond films. The work reported in
the first part of this thesis is aimed to help understanding B-related defects in CVD
diamond grown on silicon substrates, also enhance scientific knowledge and assist in the
future study and implementation of similar structures. The second part of this thesis is
aimed to provide useful information about the interaction of Mg dopants with TDDs in
GaN. The interaction of p-type dopants in GaN and the high level of dislocation density
in the material (due to the lack of available lattice matched substrates) are key bottle-
necks in the development of GaN-based devices. Some of the defect states are non-
radiative recombination centres and cannot be observed by optical techniques. The
application of sensitive electrical characterisation tools such as admittance spectroscopy
and high resolution Laplace DLTS has enabled the extraction of new interesting data on

the defect states found in these materials.

1.3 Properties of specific wide bandgap materials: GaN and diamond

The predicted physical properties of WBG semiconductors such as SiC, GaN and
diamond indicate that those materials have outstanding electrical properties and could
introduce disruptive technology in to the semiconductor industry and eventually replace
silicon technology. Table 1.1 compares some of the physical characteristics of these

semiconductors to Si and gallium arsenide (GaAs).
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Chapter 1: Introduction

increases with increasing temperature. It is the most temperature-dependent of the above
mentioned materials due to its small bandgap. At elevated temperatures (>150°C) Si
based devices will tend to behave more as an intrinsic semiconductor, and the designed
doping will have no effect on the properties of the material as the Fermi level will be at
a comparable position in the bandgap to the intrinsic level. In contrast, WBG materials
such as diamond have extremely low intrinsic carrier concentrations even at high
temperatures, hence should be able to maintain their electrical properties, preventing
device failure. This makes diamond a better choice for devices to be used in high-power

systems, transportation, defence, and space applications.

Another important aspect of device operation is the leakage current of rectifying con-
tacts; for example, in Schottky contacts the current transport mechanism depends on the
barrier height at the metal-semiconductor interface. The barrier height is partially related
to the bandgap of the material, and its value can be as high as three quarters of the
bandgap depending on the work function of the metal used. For WBG semiconductors
the barrier height is high, which limits the thermionic emission related leakage currents.
Table 1.1 illustrates that GaN and diamond have higher carrier mobility than Si, how-
ever at elevated temperatures mobility decreases due to phonon scattering, reducing the
current through the device, therefore materials with higher mobilities may be more
suitable for higher temperature applications. The carrier mobility is directly proportional
to the drift velocity of carriers; as in principle the carriers in a semiconductor will move
under the influence of a small electric field, with a drift velocity in addition to their
thermal velocity. However, as the electric field becomes larger, the drift velocity in-
creases less rapidly and finally approaches a saturation drift velocity [6]. In WBG
semiconductors, saturated drift velocities are more than twice as large as that of silicon.
Therefore, WBG materials are expected to yield higher frequency switching capabilities
than silicon based devices, because the saturated drift velocity of a semiconductor

material is directly proportional to the high-frequency switching capability.

WBG semiconductors have higher electric breakdown field than Si or GaAs, which is

required for manufacturing of devices with high breakdown voltages, and hence can be
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Chapter 1: Introduction

next generation of RF power transistor technology that offers the unique combination of

higher power, higher efficiency and wide bandwidth.

Nowadays, GaN-based violet laser diodes (emitting 405 nm radiation) are used to read
the Blu-ray Discs which can hold about five times the amount of information that can be
stored on a DVD. GaN also has great potential as a spintronics material when doped

with a suitable transition metal such as manganese.

1.5 Applications of semiconducting diamond

Even though diamond still in its infancy as a semiconductor material; diamond devices
have been made and tested [10]. Devices include: p—n diodes, UV emitting p—n diodes,
p-i-n diodes, various types of radiation detectors, high voltage Schottky diodes and
photoconductive or electron beam triggered switches. Also there has been a large focus
on the development of diamond devices for RF applications; this is driven by experi-
mental efforts [11-14] in investigating unipolar devices, such as MISFETs (metal-
insulator-semiconductor field effect transistor), MESFETSs (metal epitaxial semiconduc-

tor field effect transistor) and JFETS (junction field effect transistor).

Only H-diamond has a stable negative electron affinity surface; the bulk conduction
band lies above the vacuum level, and hence conduction band electrons are readily
emitted. This has attracted interest in investigating the possibility of constructing a
negative electron affinity diamond vacuum collector transistor which is expected to have

exceptional high frequency and temperature operation capabilities.

Diamond is transparent from ultraviolet to far infrared (225 nm to ~100 pm) wave-
lengths, except for an absorption band resulting from two phonon absorption between
2.5-6.5 pm, as shown in Figure 1.3. This makes diamond an ideal material for
multispectral optical applications. It is known that only multiphonon processes can lead

to absorption. Diamond contains only a single type of atom, hence there is no electric
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Chapter 1: Introduction

Chapter 3 describes the growth techniques used in this work to grow thin films of CVD
diamond and p-GaN. The chapter discusses the importance of CVD growth techniques,
problems associated with these methods, and the current technological developments to

improve the CVD processes.

Chapter 4 describes the theory of the depletion region, p-n junction, the structure and
operation of Schottky diodes and focuses on the theory of electrical characterisation
methods for characterising devices. These include C-V, I-V, DLTS, the high resolution
Laplace DLTS, and Thermal Admittance Spectroscopy.

Chapter 5 presents the experimental setup used for the electrical characterisation of all
diodes in this project. Details of the hardware and software for each technique are

provided.

Chapter 6 provides details about the growth, surface characterisation, and device proc-
essing and fabrication of the Schottky diodes on both the CVD diamond and p-GaN

films.

Chapter 7 describes and discusses the results obtained from the electrical characterisa-

tion of defects in Schottky structures of CVD diamond grown on silicon.

Chapter 8 describes and discusses the results obtained from the electrical characterisa-

tion of defects in Schottky structures of p-GaN grown on sapphire.

Chapter 9 summarizes the results and provides conclusions about the defects investi-
gated in the two wide bandgap materials in this work. Finally, based on these results,

some suggestions for future work are presented.

10
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Chapter 2: Defects in GaN and semiconducting diamond

2. Defects in GaN and semiconducting diamond

2.1 Opverview of defects

What defines semiconductors is that they have a bandgap that separates the highest fully
occupied valence bands from the lowest unoccupied conduction bands. Pure
semiconductors are useless in many electronic applications unless they contain specific
atomic impurities (dopants) whereby the electrical properties of semiconductors can be
controlled. Dopants may be introduced during growth or post-growth. Post-growth
doping can be typically controlled by the use of photolithography on selected areas and
subsequently doped further by techniques such as diffusion [1] and ion implantation [2].
The functionality of all modern electrical devices is based on doped semiconductors; the
incorporation of dopant atoms can change the ability of a semiconductor to conduct

electricity, rendering the material n-type or p-type.

Basically, anything that alters the ideal crystal structure of a semiconductor will, in fact,
affect its optical and/or electronic properties. These distortions are called defects.
Defects can have a very large influence on the material properties; for example,
resistivity of the material, carrier mobility and lifetime, and its optical properties are all
dependant on the precise defects present and their concentrations. They introduce energy
states in the forbidden gap of a semiconductor. Defects may be classed as line defects,
planar defects, bulk defects or point defects. The first three can be avoided when
growing some semiconductor crystals; vacancies and self-interstitials (both point
defects) will always occur in solids at thermal equilibrium. Dopant species may be
present either as interstitial or as substitutional point defects. Figure 2.1 and Figure 2.2

illustrate some examples for typical point and extended defects in semiconductors.

Point defects can be classified into intrinsic defects (native defects), formed only from
the host atom types, and extrinsic defects (impurities) consisting of foreign atoms.
Deviations from the perfect crystalline periodicity of the solid constitute point defects.

These can be missing atoms (vacancies), atoms at the wrong lattice site (antisite/ sub-

12
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Chapter 2: Defects in GaN and semiconducting diamond

Finally, Bulk defects are formed when impurities cluster together and form small
regions of a different phase (this may also be called Precipitate), and if a number of

vacancies coalesce then they form a Void.

2.2 Shallow and deep defects

According to the positions of defect levels in the band gap with respect to the conduc-
tion or valence band edge, defects in semiconductors are generally placed in one of two

categories: shallow-level defects or deep-level defects.

Shallow levels, acting as either donors or acceptors, contribute electrons or holes
respectively and determine the conduction properties of the semiconductor. An impurity
or native defect will alter the electrical properties of a semiconductor if it either acts as a
donor, contributing electrons to the conduction band, or as an acceptor, creating holes in
the valence band. Whether an atom acts as a donor or an acceptor is dependent on the
location of the defect in the crystal lattice. For example, a group IV atom in a III-V
semiconductor substituting a group III atom will only need three electrons to complete
the four bonds to its closest neighbours and the last outer-shell electron will occupy the
conduction band and hence act as a free charge carrier. In this case the group IV atom
will act as a donor. If it is instead located on a group V lattice site, there will be one

outer-shell electron site empty, which will act as an acceptor.

The same impurity atom can actually act both as an acceptor and a donor depending on
the position of the Fermi level [8]. Acceptors have shallow defect levels slightly above
the valence band edge and donors have shallow defect levels slightly below the conduc-
tion band edge. In this way the positions of the dopant’s defect levels are of great

importance for the concentration of charge carriers.

Shallow levels have small binding energy, typically 0.01 eV, and are almost fully
ionized in silicon at room temperature. On the other hand, deep level defects bind the

carriers more strongly and lead to highly localized states in the forbidden gap [8]. Deep
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Chapter 2: Defects in GaN and semiconducting diamond

levels, which are defect levels located in the middle of the band gap, have a tendency to

interfere with the optical functionality of semiconductors.

Conduction band

\/\/\/\-» Defect ¥
— or

hv A
v
Valence band __,—/'
_— —~
h"' non-  radiative
radiative

Figure 2.5 Radiative and non-radiative recombination processes.

Figure 2.5 illustrates the situation when an electron-hole pair is created as a photon of
sufficiently high energy hv (higher than the bandgap) is absorbed by the material. The
carriers quickly thermalize to the limits of the conduction and valence bands, the excess
energy is transferred to the crystal lattice (phonon emission). The electrons and holes
can radiatively recombine, giving rise to a photon emission. Also an electron from the
conduction band can be captured by an empty defect in the bandgap of the semiconduc-
tor. The yield of the photon emission is governed by a competition between radiative
and non-radiative recombination processes. For indirect bandgap materials, the radiative
recombination is only possible with the assistance of momentum-conserving phonons
and/or traps (trap assisted recombination process). In cases such as B-doped diamond, a
single phonon emission is not sufficient to match the difference in level energies,
multiple phonons are typically required for such transitions. In addition, the probability
of creating photons in defective materials is very low, as the defects would quench the

photoluminescence.
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Chapter 2: Defects in GaN and semiconducting diamond

A high concentration of defect levels deep within the band gap can thereby lower the
efficiency of optical devices considerably. If defects are studied and understood these
problems may be avoided, and semiconductors could even be engineered in such a way

to make native defects work in favour of the desired electric properties [9].

2.3 Doping of wide bandgap semiconductors: GaN and diamond

There is a great deal of interest in overcoming obstacles associated with doping of wide
bandgap materials. For example, most natural diamonds are insulators and thus doping
of electrically active impurities such as boron or phosphorus is required to turn the
diamonds into p-type or n-type, respectively. However, the tight bonding of carbon
atoms makes incorporation of dopant species difficult. Large substitutional dopant
atoms will introduce significant lattice distortion and can therefore only be incorporated
substitutionally at very low concentrations. Only relatively small atoms such as B can be
incorporated in solid solution at useful concentrations in order to replace carbon in
vacancy sites. Doping techniques such as diffusion, used in silicon and related materials,

are not possible in diamond due to the extreme strength of the C-C bond in the material.

In addition, it is necessary to ensure that doping can introduce relatively shallow
acceptor or donor that can enhance conduction even at room temperature. For example,
in GaN, oxygen and silicon are known to be shallow donors but still there is a problem
in finding an efficient shallow acceptor for producing p-type material; magnesium and
beryllium are currently used but their activation energies are higher than optimum, so
that not all the acceptors are ionised at room temperature. This results in quite low
conductivities at room temperature. Doping techniques such as ion implantation, which
work well with silicon technology, are not successful in controlling the doping process
for most wide bandgap materials. For example, Si implants can be used to convert
p-type GaN into n-type, however, it has been reported that ion implantation induces
lattice defects, which are hard to remove by subsequent annealing [10]. Implantation
doping in diamond is problematic due to the difficulty in removing implantation damage
which compensates donors [11]. Therefore, doping of wide bandgap materials is best

done during growth.
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Chapter 2: Defects in GaN and semiconducting diamond

In CVD grown diamond, p-type doping has been achieved by the introduction of B into
substitutional sites, forming an acceptor level at about 0.37 eV above the valence band.
In synthetic diamond, n-type doping with N is possibly achieved by introducing
nitromethane or N in the precursor gas, N introduces a very deep donor level at about
1.7 eV. There have been some attempts to find a shallow donor in diamond by introduc-
tion of group I elements (Li and Na) to occupy interstitial sites in diamond and
contributing to conduction with their outer electron, however, the experimental results
have shown high resistivities and could not verify the theoretical computations [12]. A
much shallower donor level than N has been successfully achieved by using phosphorus
as a dopant, however, the donor level of P is still relatively deep (0.6 eV below the

conduction band).

The search for a suitable dopant to yield shallow donor levels in diamond has motivated
much theoretical modelling work [13]. Co-doping the diamond with more than one
element has been considered theoretically to yield shallower levels than simple n-type
doping. This is achieved by introducing a group VI element (O or S) bounded to a group
IIT element (such as B). Another mode of obtaining n-type diamond by the combination
of two donor atoms and a single acceptor in close proximity such as H and B will give
rise to a single donor, but this may be shallower than that of an isolated single donor.
This is due to the fact that energy levels of isolated impurities tend to shift at lower
donor or acceptor levels when complexes are formed. Recently, n-type conduction has
been discovered by the exposure of a B-doped diamond to a hydrogen (deuterium)
plasma. The experimental results show that conversion takes place when the D/B ratio is
about two. However, heating the samples at high temperatures (above 650°C) causes the
original p-type conductivity to return [14]. This may be due to the break-up of the
complexes responsible for the formation of the shallow donor level. Although co-doping
has promised much, no satisfactory theoretical explanation for experimental findings has

been given so far.

Boron is known as the most effective acceptor in diamond if it is to be used in electronic
devices [15], although its acceptor level is deep by the standards of related materials;

meaning that full ionisation of the dopant at room temperature is unlikely to be
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Chapter 2: Defects in GaN and semiconducting diamond

achieved. The status of p-type diamond has been well documented [14], a major
improvement in producing p-type diamond was achieved by the development of
diamond film growth using CVD by different methods (hot filament, microwave
plasmas or direct current glow discharge); either in the form of single crystal homo-
epitaxial layers or as polycrystalline films [16]. CVD facilitates the doping process by
incorporating B substitutionally into the diamond lattice during the CVD growth by
adding a boron compound (such as B,Hpg) into the environment above the substrate.
Generally, a low boron concentration converts insulating diamond to a p-type
semiconductor. A gradual change from semiconducting to metallic state and then to a

superconducting state is observed as the boron doping level increases from 10'® cm™

to
above 10*! cm™ [17,18], as the band starts to overlap with the valence band. However it
is also known that more than ten percent of boron atoms incorporated into diamond do
not act as acceptors [19,20]. Some may be electrically inactive; it has been suggested
that some boron atoms are passivated by association with other impurities such as
hydrogen [20] although annealing schedules can reduce the concentration of these
complexes. It is also a possibility that boron may segregate into highly defective regions
of the material which could result in complexes of B with vacancies and boron intersti-
tial defects [21,22]. In polycrystalline diamond films B may also segregate to the grain

boundaries and be trapped there as inert impurities.

It has been reported [23] that hole mobility for B-doped polycrystalline diamond can be
improved by increasing the grain size and that such material can exhibit much better
field effect transistor (FET) properties than single-crystal material. The mechanisms
underpinning these findings are still not clear; this underscores the ongoing requirement
for a deeper and more thorough understanding of the physics of defects in polycrystal-

line diamond.

Advances in GaN doping have been limited by several factors such as the lack of a
lattice-matched substrate, which implies highly defective material and the fact that the

most commonly used acceptor dopant, Mg, can be easily compensated by hydrogen.
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The activation energy of the Mg acceptor is quite high, reportedly in the range
120 - 250 meV [24-27]. This fact, together with the compensation of Mg by H, implies
that at room temperature the ionised acceptor concentration (N,") is well below the total
magnesium concentration (N,) measured by secondary ion mass spectrometry (SIMS)
[28]. It is believed that the high specific resistance of the p-GaN layer is due to the
reduction of the hole concentration with increasing Mg-doping concentration, which has
been attributed to the self-compensation effect in metalorganic vapour phase epitaxy
(MOVPE) grown Mg-doped GaN layers [29].

Currently the most important problems and open issues related to p-type doping in GaN
remain the lack of understanding of the defects responsible for performance degradation
in GaN-based devices; these still include acceptor doping and the formation of robust,

reliable and well-characterised electrical contacts to p-GaN.

2.4 Review of defects in CVD-Diamond: beneficial and detrimental

This review will not attempt to discuss many of the defects most commonly seen in
natural diamonds or n-doped diamond, as the interest for this research is limited to B-

doped CVD diamond.

The use of the term "defects" implies that their presence in the material is detrimental.
However, this is only true in some cases where the incorporation of dopant atoms is
essential. For example, doping of diamond with boron is necessary to produce p-type
material, whereas finding a suitable n-type dopant remains problematic. Other defects,
such as the nitrogen-vacancy (N-V centre) in diamond, which has desirable properties
by acting as a single photon-source or a quantum bit in a quantum computer [30], which
has attracted a great deal of attention for potential uses in novel fields of spintronics,
quantum cryptography and quantum computing. In its isolated form, nitrogen is a deep
donor with an activation energy of 1.7 eV [18]. Nitrogen in CVD diamond is unlikely to

be in the form of aggregates but it is commonly found as a nitrogen-vacancy complex.
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Diamond has gained a considerable increasing interest since the discovery that it is
possible to grow polycrystalline diamond films by various chemical vapour deposition
(CVD) methods using a hydrocarbon gas, e.g. methane, in an excess of hydrogen, as
process gases (discussed further in section 3.2). CVD diamond has to be grown in a
hydrogen-rich environment [31], the incorporation of hydrogen in CVD diamond is
significant. The hydrogen atoms are known to play a number of crucial roles in the CVD
process; they react with stable gas-phase hydrocarbon molecules and produce highly
reactive carbon-containing radical species such as CH3; which can diffuse to the
substrate surface and react, forming the C-C bond necessary to propagate the diamond
lattice. In addition, hydrogen terminates the CVD diamond surface, i.e. hydrogen atoms
terminate the dangling C bonds on the diamond surface and prevent them from cross-

linking, thereby reconstructing to a graphite-like surface.

It is well documented that CVD diamond surfaces exhibit negative electron affinity [32-
35], i.e. the vacuum level lies below the bottom of the conduction band. In this case
electrons have no potential barrier for their escape to vacuum, i.e. they are free to leave
the surface. H removal from the diamond surface results in reconstruction of the surface
and hence leads to the restoration of a positive electron affinity. Cui et al [32] have
reported that the lowering of the electron affinity in CVD diamond to a value of -1.3 eV
was due to the presence of hydrogen on the diamond surface, hence allowing cold
electron emission from a hydrogen-terminated diamond surface. It has been shown by
Takeuchi et al. [35] that the observed photoelectron emission in an intrinsic B-doped
diamond films (hydrogenated diamond surfaces) is attributed to direct photo-excitation
from the valence band to the vacuum and does not depend on the position of the Fermi
level. The electron affinity in that work was found to be -1.1 eV. Maier et al. [36], using
Hall effect measurements, have provided experimental evidence of high surface conduc-
tivity in H-terminated diamond surface immediately after growth due to their exposure
to atomic hydrogen in the gas-phase. This conductive layer was postulated to be due
hydrogen-related acceptors with a very low activation energy (~50 meV), a RT surface
carrier concentration of about 10" cm™ and hole mobilities of ~70 cm? V™! 57!, This

low resistive layer disappeared upon heating at 200°C. The negative electron affinity of
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the H-terminated diamond surface facilitates all electron emission processes such as
thermionic emission, emission of secondary electrons induced by photons, by electrons,

by ions and by an external electric field [33].

However, the presence of hydrogen in the bulk of the crystal is less understood as
compared with surface hydrogen. Hydrogen is known to passivate dopants in diamond
[20,35]. As a result of such passivation, shallow donor centers are formed [38]. After
growth, the diamond films are usually contaminated with hydrogen; lattice vacancies
such as hydrogen-vacancy [39] and hydrogen-nitrogen-vacancy [40] complexes have
been observed experimentally in negative charge states. It has also been shown that
hydrogen can increase diamond film surface conductivity, and mobile H diffuses to
form complex pairs with B in p-type diamond and passivate the electrically active
defects [38]. Hence the electrically active B content appears reduced, although anneal-
ing schedules can reduce the concentration of these complexes. It is also a possibility
that boron may segregate into highly defective regions of the material which could result
in complexes of B with vacancies and boron interstitial defects [21, 22]. The BH and
BH; complexes in B-doped diamond have been theoretically investigated [41]; the
associated acceptor levels were predicted to be Ey+4.44 eV and E,+1.14 eV, respec-
tively. The associated donor levels were found to be E.—4.84 ¢V and E.—2.80 eV,
respectively. The BH donor level at Ec—4.84 eV (corresponding to E,+0.6 eV) is found
to be at the same energy level as the donor level of the vacancy [42]. These are in good
agreement with recent results measured by isothermal transient spectroscopy [43]. The
atomic structure of the complex defect BHj3 is less understood, it is predicted to form a
donor level at E,+0.20 eV [44]. Recently, it has been reported [43, 45] that in B-doped
diamond hole traps with ionisation energies between 0.7-1.6 eV are most likely due to

hydrogen related defects.

One of the major problems with polycrystalline diamond films is a tendency to contain
high defect densities due to their non-homogeneous structure and abundance of grain
boundaries. Grain boundaries invariably contain a high density of lattice defects such as

defect clusters and dislocations. In polycrystalline diamond films B may also segregate
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Chapter 2: Defects in GaN and semiconducting diamond

Silicon substrate

Figure 2.7 Secondary electron micrograph of a cross-section through a
4 ym diamond film on Si grown by MWP-CVD [52].

Figure 2.6 and Figure 2.7 show cross-sections through microcrystalline diamond films,

grown on silicon by different groups, showing the growth to be essentially columnar.

Although the grain boundaries are usually mechanically quite strong, there are disconti-
nuities in the structure which affect the bulk properties. The boundaries between the
crystals are imperfect due to misalignment of adjacent grains, e.g. stacking faults,

dislocations, and because they may contain impurities or non-diamond carbon.

Isolated vacancy defects in boron-doped single-crystal diamonds behave as deep
electron donors/acceptors; their electronic properties depend on the charge state. For
example, the +/0 state is at E, +0.6 eV and the energy level for the 0/- state is at E, -2.5
eV [53]. Experimental studies, based on monitoring the changes induced by electron
irradiation in the optical absorption features associated with these centres in a number of
natural and synthetic diamonds, have revealed a series of sharp lines called GR1-8, of
which the GR1 line (zero-phonon line at 1.673 eV, due to neutral vacancies V9, at

741 nm is the most prominent and important [54].
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B interacts with carbon interstitials creating a neutral boron-interstitial complex with a
sharp optical absorption at 2250 nm (0.552 eV) [53]. To the best of my knowledge, no

evidence is known so far for boron-vacancy complexes [55].

Silicon has been identified as a common defect in diamond films grown by CVD; it
originates from the silicon substrate or from the walls of the CVD reactor. Silicon reacts
with vacancies in the diamond; the substitutional silicon traps a migrating vacancy
creating a Si-vacancy complex (semi-divacancy) [56]. This trap is a deep donor having
an activation energy of 2 eV, situated above the valence band [57]. Isolated silicon
defects have been identified in diamond by the presence of a sharp optical absorption

peak at 738 nm [58] and by EPR (electron paramagnetic resonance) [56].

Over the last two decades various activation energies and capture cross-sections have
been reported for majority carrier traps in semiconducting diamond using capacitance
transient spectroscopy techniques such as DLTS [59-71]. However, some of these data
may have been misinterpreted due to the low resolution of the experimental measure-
ments. Recently valuable information about defects in monocrystalline [43,45,63,64]

and polycrystalline [65-67] diamond films have been obtained.

In boron-doped homoepitaxially grown CVD diamond, thermal and optical-DLTS have
shown that there is a deeper electronic level than the boron acceptor at 1.25 eV above
the valence band [68]. This trap was identified as the positively charged vacancy, and
the optically induced transition between the boron and the vacancy at 0.9 eV was
observed as well as the direct ionisation of the vacancy [69,70]. Using this technique, it
was possible to see passivation of boron after deuteration, although there was no
evidence of shallow donors. Charge-based-DLTS (Q-DLTS) has been used to detect a
number of frapping levels, of which few have been identified with specific defects. One,
at 0.36 eV, is clearly associated with boron and has a capture cross-section of
1.3 x 102 cm? [71]. Traps with cross-sections of ~10"2 -10" cm? and activation
energies of 1.14 eV and 1.23 eV been observed in undoped CVD diamond films using
Thermally Stimulated Currents (TSC) and Photoinduced Current Transient Spectro-
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scopy (PICTS) with concentrations around 10 cm™ [72], but these are not definitely

identified with any defects, although the positively charged vacancy is a good candidate.

Traps with very small capture cross-section values (less than 10" cm?); imply that

these centres are repulsive or neutral and these capture cross-section values may be
correspond to donor traps in a p-type material or may be extended defects. A summary

of the deep levels related to boron, hydrogen, or native defects in B-doped CVD

diamond is tabulated with their estimated capture cross- section values in Table 2.1.

Table 2.1 Major trap levels observed in polycrystalline B-doped CVD diamond along
with single crystal (*) and in un-doped CVD diamond films (**).

Energy level capture cross- Experimental
Reference Trap (eV) section ¢ (cm?) Method
[73,74] E, + 0310038 ; DLTS & Resistivity
B, Measurements
E, +0.36 1.3x10"3
[71] Hall effect & DLTS
B-related E, +025 4.5x10™"
[43,75]* B E 102 i Theoretical calcula-
’ ) v tions
Extended
[67] (B-related) E,+0.21t00.23 - Laplace DLTS
Extended 18
[65] (Brelated) E,+11t013 ~10 Q-DLTS
DLTS & HR-ITS
[64]* Dislocation- E,+0.99 to 1.15 ~ 1078 . (hlgh-resolutl(?n
Related isothermal transient
spectroscopy)
[53]* E 06 - Positron Annihilation
y+ 0.
[43]* ~10% DLTS & HR-ITS
v ICTS (Isothermal
[76] E,+0.6 ~10" capacitance Tran-
sient Spectroscopy)
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Energy level capture cross- Experimental
Reference Trap (eV) section o (cm?) Method
SCLC (Space
[771** E, +0.6t00.8 - charge limited
currents)
[691* v E, +1.25 - DLTS & O-DLTS
[72]** E, +1.14 1.23 ~1013 TSC & PICTS
Positron Annihila-
[53,54]* \" E.+25 - tion & Theoretical
calculations
[21,43.75]* B.V E +10 ~10718 DLTS& Theoretical
o : v calculations
[78]* BH E -10 i Theoretical calcula-
o tions
[78]* BH E. - 1.84 to .88 ) Theoretical calcula-
2 o ' tions
751 B.VH Midea Theoretical calcula-
) gap tions
[78]* H E.-1.45 Theoretical calcula-
E . -3.0 tions

2.5 Review of defects in p-type GaN: beneficial and detrimental

GaN commonly crystallises either in the hexagonal (wurtzite) structure or in the zinc
blende structure. From theoretical calculations, the bandgap of wurtzite GaN is found to
be approximately 3.45 eV, while for the zinc blende the predicted value is 3.34 eV. This

review will focus on the wurtzite GaN, as the GaN samples discussed in this dissertation

were grown in this form.

There are a number of essential factors that may cause significant reduction in the room
temperature -hole concentration achieved in any particular Mg-doped GaN film. These

can be summarised as follows:
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e The deep nature of the Mg acceptor (i.e. partial ionisation at room temperature)
e The presence of compensating donors (e.g. nitrogen vacancies).

e The incorporation of Mg atoms in electrically inactive sites (i.e. Mg dopants may

segregate into planar defects).

The first point, the binding energy of Mg, is a fundamental issue and cannot be readily

adjusted. It is therefore worth focusing on the other two effects.

The level of compensation in any Mg-doped GaN film depends strongly on the growth
conditions and growth system design. This may explain the variations in p-type conduc-
tivity reported by various groups over the last two decades. In the literature [79-82], a
compensating donor in Mg-doped GaN has been attributed to an intrinsic defect or a
Mg-related defect, as usually experimental results from SIMS (secondary-ion mass
spectroscopy) do not show high concentrations of any specific impurity. Calculations
have shown that the formation of donor states, such as nitrogen vacancies (Vy), is most
likely to occur in Mg-doped GaN rather than in n-type GaN. The activation energy for
nitrogen vacancy diffusion is controlled by the position of the Fermi level [83-84], i.e.
when the Fermi position is in the midgap the Vy charge state is positive and diffusion is
unlikely to occur. It has been suggested that a deep donor may be formed as a result of
association of a nitrogen vacancy and a substitutional Mg (Vn-Mgg,). Hautakangas et al.
have studied defects in metal organic chemical vapour deposited (MOCVD) Mg-doped
GaN films using positron annihilation spectroscopy [85]. Their observations indicate
that the N vacancies are complexed with the magnesium dopants, forming neutral Vn—
Mgg, complexes with a concentration of ~10" to 10'® cm . Most Vn should be bound to
Mgg, in equilibrium at room temperature, and these pairs dissociated after thermal
annealing at (500 —800°C) contributing to both activation and compensation of Mg
doping; i.e. Mg activation and Vy migration to the surface. The major compensating
centres in p-type materials are Vn—Mgg, complexes. It has been reported that the 2.8 eV
emission band observed in photoluminescence (PL) spectrum of MOCVD grown Mg-
doped GaN films is due to donor—acceptor pair recombination [86]. This is in good

agreement with theoretical calculations [84,87], which assume that the ~2.8 eV emission
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band is due to electron transitions from the donor level of the VN—-Mgg, complex (with
an ionisation energy of 0.3-0.4 eV below the conduction band minimum) to the acceptor
level (~0.2 eV above the valence band maximum), depending on the Vn— Mgg, configu-

ration and charge state.

The gallium vacancy (Vg,) defect plays a role in donor compensation in n-type GaN; it
forms complexes with donor impurities. However, according to theoretical predictions
and experimental observations, Vg, defects are more likely to form in n-type than in
p-type GaN [88]. The Vi, in n-type GaN has a deep level about 1.1 eV above the
valence band [89-90]. It has been proposed that the Vg, is the source of the frequently
observed yellow luminescence (YL) in GaN, centred around 2.3 eV. It is suggested that
the YL is due to a transition between the conduction band or shallow donors and this
deep level (1.1 eV), therefore result in emission around 2.3 eV. An increase in Vg,
concentrations has been observed by Saarinen er al. [91] in positron annihilation
experiments on oxygen-doped MOCVD-grown GaN samples. The presence of oxygen
was found to enhance the concentration of Ga vacancies and hence the YL. On the other
hand they found that the YL was suppressed in p-type material, consistent with easier

formation of Vg, under n-type conditions.

It is known that hydrogen is always present in MOCVD grown films, which can also
passivate the Mg in Mg-doped GaN films. It is believed that the high specific resistance
of the p-GaN layer is due to the reduction of the hole concentration with increasing Mg-
doping concentration, which has been attributed to the self-compensation effect in
metalorganic vapour phase epitaxy (MOVPE) grown Mg-doped GaN layers [86]. The
low p-type conductivity gives rise to considerable heating, leading to low performance
and degradation of GaN-based devices. The study of device processing issues and the
properties of Ohmic contacts to p-GaN have also lead to important improvements in
device technology. Typically, Ohmic contacts to p-GaN are based on high work function
metals, such as Pd, Pt, or Ni, with an over-layer of Au. These are annealed at 500-700°C
to increase the hole concentration at the surface via the decomposition of Mg-H com-

plexes and the formation of Ga vacancies through interaction with Au.
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Van de Walle et al. [88] have found that the formation energy of hydrogen is lower in p-
type GaN than in n-type GaN, corresponding to a much higher solubility in p-type than
in n-type GaN. In p-type GaN, H acts as a donor (H"); it is electrostatically attracted to
negatively charged acceptors and hence it compensates acceptors. Interactions of
hydrogen with native point defects in GaN have been studied. Van de Walle et al.
performed DFT-LDA calculations for Vn-H complexes and réported that the Vn-H
complex is the shallow double donor (~20-30 meV) responsible for the frequently
observed 3.27 eV emission in Mg-doped GaN and present in sufficient amounts under
p-type conditions. Experimental observations by Gelhausen et al. [92] show that the
3.27 eV donor-acceptor-pair (DAP) emission line to be strongly affected by low-energy
electron beam irradiation. They have suggested that the acceptor in the 3.27 eV DAP
emission is Mg and that the donor (20-30 meV) is a hydrogen related complex (Vn-H).
Another emission line (~2.95 eV) relating to a donor at 350430 meV was reduced
during electron irradiation and attributed to a H-related defect. Their results also indicate
that VN-H complex dissociated during electron irradiation or thermal annealing in N or
O, atmosphere, generating isolated Vy and highly mobile H. Isolated Vy were found to
have a binding energy of 180+10 meV according to DLTS and temperature-dependant
Hall measurements results [93]. It has been reported [92] that isolated Vy is a possible
candidate to be the donor level (~160 meV below the CB) in the frequently observed
3.14 eV DAP emission.

Carbon is an impurity in GaN acting as a shallow donor when Cg, (substitutional carbon
atoms on Ga site) or as an acceptor when Cy (substitutional carbon atoms on N site)
[94-96]. The presence of the shallow defect Cg, (~0.2 eV below the conduction band)
has been theoretically acknowledged in p-type GaN [96] and also via recent
experimental observations [94] using cathodoluminescence on nominally undoped semi-
insulating GaN layers grown by hot-wall MOCVD. Kakanakova-Georgieva et al. [94]
have observed a clear evidence of carbon-caused compensation; the blue luminescence
at ~415 nm has been strongly correlated with DAP transitions via Cg,—Cn. Recent
theoretical calculations [97] have predicted that the substitutional defect Cy to be a deep

rather than a shallow acceptor in GaN. However, Carbon-related defects in GaN and
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their involvement in the various radiative recombinations under photon and electron

excitation remain a topic of persistent discussions.

The incorporation of Mg dopants in electrically inactive sites or diffusion to dislocation
cores is still a subject of ongoing debate [98-104]. Threading dislocations in GaN films
arise as a consequence of the lattice parameter mismatch between the GaN and the
substrate; this is due to the fact that most of the GaN based devices are grown heteroepi-
taxially on substrates such as sapphire. Threading dislocation densities in the order of
10° cm™ are commonly observed in GaN grown on foreign substrates [98], this used to
be more than 10" cm? in early devices [100]. In conventional optoelectronic devices
(e.g. AlGaAs or AlInGaP based devices), defect densities six orders of magnitude lower
would be expected to result in excessive non-radiative recombination, generation of heat
and consequently device failure [99]. Despite the high density of defects, GaN based
LED:s still can achieve high quantum efficiencies. It has been shown that the concentra-
tion of non-radiative recombination centres in GaN is somehow in correlation with the
threading dislocation density [105]. However, the concept of whether TDs themselves
act as non-radiative recombination centres remains controversial. An explanation for the
defect insensitive nature of the near-band-edge emission in indium-containing nitride
films (e.g. InGaN or AllnGaN) is due to the extremely short diffusion lengths (<4 nm),
short radiative lifetimes of excitonic emissions, fairly long non-radiative lifetime and
preferential capture of holes and/or positrons (positrons are the antimatter of electrons,
having a positive charge similar to holes) by localised radiative centres (atomic conden-
sates of In-N) which form localised valence states with high positron affinity; the holes
form localized excitons to emit the light, although some of the excitons recombine at

non-radiative centres [106].

A range of experimental techniques have been used by a number of authors to
investigate deep level centres in p-GaN. Temperature-dependent Hall effect experiments
have been carried out to deduce the acceptor activation energy and investigate the
compensation level [107-110]. Thermal admittance spectroscopy measurements on Mg-

doped GaN have also received considerable attention as reliable method for detecting
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shallow and deep levels [111,112]. DLTS measurements have been extensively applied
to n-type GaN [113-115], evidence of various deep centres within the bandgap have
been revealed, however, fewer DLTS studies have been conducted on defects in Mg-
doped GaN [116,117]. Unfortunately, conclusions from this range of electrical
measurements regarding the properties and origin of deep levels in Mg-doped GaN have
not been convincing, perhaps the samples employed may have varied in quality, with

difficulties in forming metal contacts to p-GaN and issues with doping level.

A summary of the defect levels reported in Mg-doped wurtzite GaN, with their esti-

mated activation energies, is tabulated in Table 2.2.

Table 2.2 Trap levels observed in the literature for Mg-doped wurtzite GaN films.

Experimental Technique or
Reference Trap Energy Level (eV) Method Used
E,+0.124
E, +0.135
[88,92], | Substitutional Mg E, +0.16 DLTS, TAS and Theoretical
[118-120] (Mgca) E,+0.18 calculations
E, +0.20
E, +0.25
[95,121] | Dislocation-related E.-297 O-DLTS and SSPC .(Steady-
State PhotoCapacitance)
E + 040 TAS, DLTS combined with
: . v+ U. MCL (Microcathodolumines-
[118] Dislocation-related E, +0.85 cence) and EBIC (Electron
beam induced current) imaging
[88,92-93] Vs E.-0.16 DLTS, PL and Theoretical
calculations
[94- 96] Ca E,-0.20 O-DLTS, SSPC an.d Theoreti-
cal calculations
[86,38], PL, Hall measurements and
Vn—-M E.-0.3-04 ’
[122-124] N~ VEG ¢ Theoretical calculations
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2.6 Electrical contacts to polycrystalline diamond

Most metals have been found to yield Schottky contacts to polycrystalline diamond;
metals such as Au or Al are commonly used to form Schottky contacts [125-128]. It has
been always difficult to produce good Ohmic contacts on wide bandgap materials such
as diamond due to the large barrier heights that generally form when metals are
deposited. Heavy doping near the diamond surface is used to enhance
tunnelling through the potential barrier at the metal/diamond interface and improve
conduction. Ohmic contact formation depends on several factors such as the doping
level, surface treatment prior to metal deposition, annealing temperature or the density
of surface states which govern the Fermi level pining and therefore influence the barrier
height. The application of different surface treatments has been found to change the
surface termination from hydrogen to oxygen terminated and hence change the proper-
ties of contacts. For example, low resistivity contacts can be achieved by exposing the
diamond film to O, plasma, prior to metal deposition, or dipping in a CrOs3 in H2SO4
solution at 200°C followed by a rinse in a 1:1 solution of H,O, and NH,OH at 90°C. It
has been found that transition metals such as Ti or Ta form low resistivity carbides as
they have great affinity with carbon, this would enhance the diffusion of subsequently
deposited metals [129]. Ti/Au contacts have been reported [130] to exhibit good Ohmic
characteristics. A post deposition anneal at 500°C for 10 minutes yielded a reduction in
the specific contact resistivity by three orders of magnitude to 10 Q cm®. However, not
much improvement of the resistance of the Ohmic contacts has been achieved by post

annealing at higher temperatures (>850°C).

2.7 Electrical contacts to p-type GaN

The difficulty in forming low resistance Ohmic contacts to p-type GaN is due to the fact
that GaN is a wide bandgap semiconductor, requiring high work function metals to
obtain Ohmic contacts. High work function metals including Au, Pt, Pd or Ni have been
investigated, in standard metal contact forms to p-GaN [131-135]. Various bilayer and
complex metallization schemes have been also investigated. For example, Ni/Au, Pt/Au,
Pd/Au, Pd/Pt/Au, Pt/Ni/Au, Ni/Pt/Au, Cr/Au, Ni/Ci/Au, Au/Mg/Au, Ni/Mg/Ni/Si,
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Ni/Au-Zn and Cr/Au-Zn [136-143]. These have all exhibited high specific contact

resistance (>10” Q cm?). Only Ni/Au bilayer when annealed in an oxygen-containing
atmosphere (400 - 600°C) resulted in a specific resistance of the order of 10* Q cm?
[144]. Reduction in the specific contact resistance (10™-10° Q cm?) has been achieved
by using the Au/Ni structure annealed in O, + N; ambient [145]. It has been found that
the main mechanism responsible for the Ohmic nature is the creation of a thin oxide
layer (NiO) on the metal/p-GaN interface. Liday et al. [145] have investigated a NiOy
based contact scheme (Au/NiOy) to p-GaN, with a low content of oxygen in the NiOy
layer. They have reported that a low contact resistance is assisted by Ga vacancies in the
region of the metal/p-GaN interface after diffusion of Ga into the metallic layer, and
also suggest that the creation of a metal/NiO/p-GaN contact structure due to annealing
in O + N3 is responsible for the obtained Ohmic properties. Smalc-Koziorowska et al.
argue that an essential factor leading to high resistance contacts is Ni [146]. They have
suggested that in order to obtain low resistance contacts to p-type GaN a thin non-
oxidized Ni layer combined with the separated oxidized Ni layer is necessary. They
have observed that one of two contact structures may develop during anriealing of the
simple Ni/Au contact, depending on the GaN surface morphology. These normally
result in different properties of the Ni/Au contact under thermal strain. They have
concluded that contacts on rough GaN surfaces (covered with hillocks containing
dislocations) cause non-uniformity of the Au layer, and result in high resistance,
whereas relatively low resistance contact may be obtained on a relatively smooth GaN

surface as the Au layer deposited on such surface remains continuous [146].

2.8 Effect of plasma etching on contacts to p-type GaN

Chemical etching is a useful process for device fabrication. Various wet etching
approaches have been applied to n-type and p-type GaN [147-152]; investigations have
shown that selective wet etching of GaN in KOH is still associated with difficulties and
does not yield satisfactory results [147,148]. So far, no suitable wet etchant has been
found for GaN and related compounds due to their chemical stability against various

acids and bases used at 75°C. Plasma etching (dry etching) is an important process for
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the fabrication of various GaN based devices. Despite the fact that it is well documented
that plasma processing of nitride semiconductors may induce significant damage to the
near surface region of the film [153-159]. Argon plasmas are commonly used as they do
not interact chemically with the GaN. O, plasmas are also used in semiconductor device
processing to remove hydrocarbon contamination, while fluorine-containing plasmas are
used for dielectric etching. There have been some attempts [160] to overcome the
plasma damage issue by burying the damage with a p-type re-growth; however this has
not solved the problem completely. Several authors have investigated the effect of post-
plasma processes to recover from the induced damage and achieve reliable Ohmic
contacts to p-type GaN [154,155,161]. It has been reported that exposure of n-type GaN
surfaces to plasma affects the performance of Schottky contacts, with increased leakage
currents and reduced barrier heights [162]. This has been postulated to be caused by an
increased n-type doping in the near surface region due to preferential loss of nitrogen
from these layers [155,163]. In p-GaN, damage-related shallow or deep donor states
significantly degrade the properties of contacts, i.e. compensation of the acceptors will
take place in the near-surface region. Annealing at very high temperatures (750°C) in
N,, for 30 seconds, has been shown to have a significant effect on reducing the plasma-
induced damage in p-type GaN [164]. It has been reported [165] that ohmic contacts
were obtained using a low inductively-coupled plasma (ICP) power (~50 W) combined
with high temperature post-etch annealing (1000°C), however, there is no quantitative
analysis of the resistance of the contacts, which may have been affected by this high
annealing temperatures. Hsueh et al. have investigated the effect of a low reactive ion
etching plasma power of 50 W on Schottky barrier height [166]. Low power etching,
using RF/ICP powers of 20/40 W, have been found to improve the properties of unan-
nealed Ohmic contacts to p-GaN and without the use of regrowth techniques [167].

2.9 Conclusions

This chapter initially discussed the different types of crystallographic defects in semi-

conductors and the properties of deep and shallow levels. The issues of impurity
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incorporation and doping of wide bandgap semiconductors were also discussed.
Literature reviews on beneficial and detrimental defects in CVD polycrystalline
diamond and Mg doped MOCVD GaN have been provided. Finally, various methods for
the fabrication of metal contacts on B doped diamond and p-GaN have also been

presented.
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