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Abstract

The incorporation of shallow n-type dopants in diamond is one of the major challenges for its elec-
tronic applications. n-Type behavior in diamond has been observed for substitutional phosphorus
and nitrogen, with activation energies of approximately 0.62 eV and 1.7 eV respectively. Both
nitrogen and phosphorus are deep lying substitutional impurity states in diamond. It has been
theoretically demonstrated that the substitution of the N-O molecule into the diamond lattice
forms a stable defect in the band gap and in the negatively charged state induces a shallow defect

below the conduction band edge which may lead to n-type conductivity.

In this project, surface characterization and optical spectroscopy were carried out to investigate
the nature and behavior of the defects induced by the implantation of N-O ions into type lla
Chemical Vapor Deposition (CVD) diamond samples. Photoluminescence peaks attributed to
N-O complexes were observed at 293.3 nm, 297.3 nm, 305.9 nm, 309.8 nm, 314.4 nm for the
sample which was implanted with N-O molecular ions and annealed at 600 °C. The mechanism
of electronic transitions leading to emission of photoluminescence of these peaks is proposed.
In addition, a peak at 533 nm was observed on the cathodoluminescence spectrum of the same
sample and was tentatively attributed to a radiative recombination of a shallow n-type defect
and a deep lying p-type defect in the middle of the band gap, associated to vacancy-related
states. The results presented extends the knowledge on defects leading to shallow n-type dopants
in diamond. We believe that this thesis creates a paradigm for future studies on the search
for alternative suitable shallow dopants, which is the sine qua non for potential application of

diamond-based electronic devices.
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1. Introduction and aims

1.1 Introduction

Since their appearance in the 1960s, the performance of semiconductor-based electronic devices
has been greatly improved and their complexity has increased. Currently, 95% of electronic devices
are based on silicon technology [1]. However, the growing needs in the field of energy, transport
and communications require the use of new materials that can withstand higher power and operate
at higher frequencies. Diamond is the most suitable material for such purposes. Indeed, besides
the fact that it is a gemstone of commercial value in the jewelery market, diamond is a material
with a very high technological potential because of its extreme mechanical, thermal and electronic

properties.

Impurities in diamond have been generating research interest due to their potential application in
diamond-based electronic devices. Manufacturing diamond-based electronic devices is possible,
for the reason that p-type and n-type donors do exist as substitutional impurities as they do for
silicon. Many studies have demonstrated that nitrogen and boron form substitutional dopants
in diamonds [2-6]. As a substitutional defect, boron gives an acceptor level at 0.37 eV above
the valance band edge [7-10]. While nitrogen forms a deep donor level at 1.7 eV below the
conduction-band edge [3, 11, 12] and it is not an effective n-type dopant in diamond [11, 12].
Among the attempts to achieve n-type doping in diamond, the incorporation of phosphorus via
homoepitaxial growth has led to the n-type behaviour in diamond [13, 14]. Its activation energy
is approximately 0.61 eV, which is still relatively high for room-temperature applications [8,9,15].
However, early work has suggested that oxygen could lead to n-type conductivity in diamond [15].
Electronic structure calculations [3] predict that defect levels related to oxygen are deep lying
states. Alternatively, considering the significance of nitrogen in diamond, Lowther [11] reported

that the formation of a suitable n-type conductivity could largely depend on nitrogen, given that
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nitrogen is responsible for raising the effective Fermi energy in the band gap in diamond [11]. The
theoretical work of Lowther [11] on the substitutional oxygen-nitrogen pair in diamond showed
that N-O defects are stable in diamond, and in the negatively charged form they exhibit a shallow
n-type defect behavior. Eyre et al. [16] also analyzed N-O pairs in diamond and found that the
pair prefers nearest-neighbor sites and forms a deep donor in diamond. The N-O pair has been
suggested to be responsible for two paramagnetic resonance centers labelled N3 and Okl, with
N3 as the first nearest neighbour to the N-O pair [17] while Ok1 is the second nearest neighbour
to the pair [18].

The foregoing makes relevant the necessity of exploring and conducting an experimental inves-
tigation on the interaction between nitrogen and oxygen in diamond as well as related defects.
This involves placing these atoms close to each other in the diamond lattice by means of the ion
implantation, which has the advantage of providing greater accuracy of location and depth of

ions in the host material.

1.2 Aims

This thesis was aimed at establishing if nitrogen and oxygen ions form molecular N-O complexes
in diamond. This question has been addressed in this thesis by firstly creating a layer of higher
density of N and O ions on the surface of the diamond sample. This was done by a choice of
higher fluence and low energy used during the implantation. Optical and surface characterization

techniques were then used to investigate the defects arising from implantation of N and O ions.
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1.3 OQutline of thesis

Chapter 2 presents a general introduction to diamond. After a brief description of carbon hy-
bridization and allotropes as well as diamond structures, some of the properties of diamond with
emphasis on its electronic properties are presented. Different modes of diamond synthesis and
types of diamond were also examined. The final section focuses on the different modes of diamond

doping, and in particular on the ion implantation technique used in our study.

Chapter 3 of this thesis is based on the study of defects in diamond. In the first part, several types
of defects that often appear in the crystalline structure of diamond are presented. Knowledge of
the defects is crucial for understanding many phenomena in a diamond crystal as most physical,
chemical, optical and electronic properties depend on the position of the defects and the electronic
and vibrational energy levels they create. Thereafter, the most common luminescence defects
observed in chemical vapour deposition (CVD) diamond are reviewed. The last part of this

chapter focuses on oxygen and nitrogen-oxygen complexes in diamond.

Chapter 4 discusses ion implantation, its advantages and disadvantages compared to diffusion
doping methods. In addition, the generation of defects caused by ion implantation and how these

defects can be annealed is discussed, including the activation and diffusion of implanted species.

In chapter 5, a description of the experimental techniques used in this study is presented. The the-
oretical principles of each characterization technique, especially in the context of their application

to CVD diamond are presented.

Chapter 6 presents the results of analysis and research conducted in this study. The first part is a
discussion of the results obtained from the stopping and range of ions in matter (SRIM) analysis,
which is used to predict the damage caused by implantation and gives the distribution profile
of the implanted N-O ions. Thereafter, the morphology of the samples obtained from scanning

electron microscopy (SEM) analysis is presented. The electronic states and surface chemical
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composition carried out by X-ray photoelectron spectroscopy (XPS) analysis is discussed. The
results of Raman spectroscopy used to determine the crystalline quality and the study of sample
amorphization by implantation is presented. Optical spectroscopy results (Photoluminescence and
Cathodoluminescence) obtained at room and low temperature (77 K) using different excitation

sources (248 nm, 458 nm and 514.5 nm) are included.

The conclusion of this thesis drawn from all the results obtained, and proposed extensions of this

work are presented in chapter 7.



2. Diamond

If there is one single adjective that could describe the various properties of diamond as a material,
it would be "exceptional”. Exceptional properties that are related to this work will be discussed
later in section 2.2. Additional information can be found in "The Properties of Natural and
Synthetic Diamond” [19] and "Properties and Applications of Diamond” [20]. This chapter
presents a review of carbon hybridization and allotropes, diamond structures as well as their
intrinsics properties. The classification of diamond is discussed in term of its nitrogen content.

A brief overview of diamond synthesis and how doping is achieved by ion implantation is given.

2.1 Carbon hybridization and allotropes

One of the most important chemical elements in nature is carbon. It plays an important role in
the chemistry of life as it is present in the structures of living organisms and also in many things

we use daily such as food, clothes, fuel, etc.

From an atomic point of view, the most stable form of carbon is carbon 12 (*2C ) and it has six
electrons. It has a ground state electron configuration of 1s? 252 2p? or K2L*, meaning that there
are four electrons at the n = 2 energy state, which is its highest energy level. The electrons of
the upper shell (2s and 2p) are distributed on hybrid atomic orbitals called "sp” which combine
the 2s and 2p orbitals. The electrons become unpaired, creating four chemical bonds which are
called the sp? hybridized states. In the case of sp? hybridization, the four valence electrons are
engaged in sp® hybrid orbitals directed along a tetrahedron and forming an angle of 109°28' to
each other. The electrons can also hybridize the s and p orbitals and form hybridization states

referred to as the sp and sp.

The sp? hybridized carbon has three valence electrons in sp? orbitals, at 120° from each other,
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and an electron in a p orbital perpendicular to the sp? orbital plane. Finally, two sp orbitals at
180° to each other and two electrons in orthogonal p orbitals form the sp hybridization of carbon.

Figure 2.1 shows different hybrid orbitals of carbon.

py Pz ’sp3
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Figure 2.1 Hybrid orbitals of carbon: (a) three hybridizations sp, (b) sp? and (c) sp? [21]

The ability of carbon to form different types of covalent bonds such as sigma or pi-bonds allows
it to generate structures of different dimensionality with a wide variety of physical and chemical
properties [22-26]. The flexibility of forming such structures allows carbon to chemically bond
in a range of ways. The ability to form such bonds is called catenation, which gives rise to large

molecules, in particular the hydrocarbons.

Several carbon allotropes can be distinguished according to their hybridization. Thus, the three-
dimensional connectivity of sp® carbon can give rise to the cubic structure of diamond, and also
lonsdaleite 3-D hexagonal structure. The bonds between sp? hybridized carbons form planar
structures whose stacking generates the structure of hexagonal or rhombohedral graphite. For
the sp hybrid, the carbon can polymerize in linear form and give newly discovered compounds
called carbyne. There are many other condensed forms where carbon atoms take intermediate
degrees of hybridization sp™ and forms zero-dimensional solids (for instance the case of fullerenes
and carbon nanotubes). Carbon also exists in the form of an amorphous or organized in short-
distance, in which it is under several states of hybridization. This is the case of the so-called

Diamond-Like Carbon (DLC).
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2.2 Diamond

Diamond is a rare allotropic form of carbon found in nature. It consists of an assembly of carbon
atoms in sp? hybridization, where each atom is bound to four carbon atoms by strong covalent
o-bonds. This three-dimensional assembly defines face-centered cubic lattices containing eight
atoms, four of which are placed at the centres of four small cubes of volume equal to one-eighth

of the primitive cell.

Figure 2.2 Diamond structure.

In a normal structure of diamond, the lattice parameter of the cubic unit cell is 0.357 nm. The
shortest distance between two carbon atoms, i.e. the distance corresponding to a quarter of
the diagonal of the lattice, is 0.154 nm. This makes the diamond crystal lattice very dense
(1.76 x 10* atoms.cm™?) in comparison to other materials. The theoretical mass density for
diamond is ~ 3.515 g.cm™?; it is obtained by the multiplication of the atomic density by the

average atomic mass of a carbon. Figure 2.2 shows an illustration of diamond structure.
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The hexagonal crystal structure of diamond, named lonsdaleite, is a rare polymorph of carbon
[27], which was first synthesized in 1966 [28]. It was subsequently found in small quantities in
meteorites [29,30] or in diamond synthesized by shock waves of perfectly oriented graphite [31].

Figure 2.3 shows an illustration of hexagonal crystal structure of diamond.

Figure 2.3 Representation of hexagonal structure of lonsdaleite.

2.2.1 Properties of diamond and its applications

Diamond is undoubtedly a material that combines an outstanding set of mechanical, chemical,
thermal, acoustic, optical and electronic properties exceeding those of any other existing ma-
terial. It offers a unique combination of properties such as high hardness, excellent thermal
conductivity, chemical and thermal inertness, good abrasion resistance, transparency in a wide
range of wavelengths, high electrical resistivity and semiconductor properties when doped. Table
2.1 summarizes the main properties of diamond that are compared to those of silicon, which is a

semi-conductor with the same crystal structure as diamond and is widely used in electronics.
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Table 2.1 General characteristics of diamond and silicon [20]

Property at 300 K Silicon Diamond
Atomic number Z 14 6

Crystal structure Diamond cubic lattice | Diamond cubic lattice
Lattice parameter (nm) 0.543 0.357
Distance between nearest neighbor atoms (nm) | 0.235 0.154
Number of atoms / unit vol. ( 10*2cm™3) 5.0 17.6
Density (g.cm™3) 2.33 3.515

Band gap (eV) 1.12 5.47
Melting point (K) 1688 4100
Thermal conductivity (W.cm™1.K™") 1.31 20-25
Refractive index 3.4-3.5 1.8-2.4
Relative dielectric constant 11 5.7
Intrinsic resistivity (£2.cm) 3 x 10° 101 — 10
Saturation velocity (x107cm.s™1) 1.0 2.7
Coefficient of thermal expansion (K™') 3x 10716 2 x 10716
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The fields of application of diamond are varied because of its many exceptional properties that
make it an ideal material for many uses. Some of these properties and their application are

summarized in sections 2.2.1.1 - 2.2.1.4 and two associated application highlighted in subsequent

sections 2.2.1.5 and 2.2.1.6.

2.2.1.1 Mechanical properties

Diamond has a small inter-atomic distance, which gives it a high density of 3.515 g.cm=3 . This
high density associated with its strong internal covalent bonds gives diamond a high hardness.
Diamond has a deformation resistance of about 90 GPa. With a high resistance to abrasion and
erosion, diamond is used as a tool for cutting and polishing. Natural diamond is not only used
in jewelery but is mainly used for machining and polishing of hard materials (ceramics, alumina).
Diamond coatings, even if their properties differ slightly from those of single crystal diamond,
are also particularly well suited for many applications. In general, diamond coatings are used as
protective layers, for example in chemical (valves subjected to very high temperatures) or energy
(oil drilling) industries. They offer an excellent cutting efficiency, allow chip evacuation from the
machined surface, increase the tool life (protection of the cutting surface) and can be used for the
machining of various materials due to its chemical inertness. Diamond-coated knives are found

in fields as diverse as metallurgy, surgery and the preparation of biological specimens [32].

It should be noted that the application of diamond in aggressive environments has a slight
restriction on temperature of use, since diamond oxidizes in air at the temperatures greater than
900 K and turns into graphite around 1770 K under vacuum [33]. It is also chemically reactive

with ferrous materials and is thus not suitable for machining iron based materials.
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2.2.1.2 Optical properties

Due to its large band gap (5.47 eV at room temperature), high purity diamonds are transparent
to a large part of the electromagnetic spectrum, particularly in the infrared (IR) and X-ray
regions. This remarkable transparency allows diamond to be used as an optical window for
high power lasers and optical fibers [33-35]. Diamond absorbs ultraviolet (UV) photons and
the exploitation of this feature is the recent development of ultraviolet detectors for solar and
space physics [36]. In addition, diamond is not always colorless, its color strongly depends on
the impurities present. Infrared spectrometry measurements have made it possible to classify the

different types of diamond [37,38], as discussed in section 2.4.

2.2.1.3 Electronic properties

Pure diamond is an insulator with a high intrinsic resistivity even at high temperatures (between
10" and 10 Q.cm) [39]. Its electrical resistance decreases rapidly with the presence of impu-
rities and extended defects. The electronic characteristics of diamond are governed by doping
impurities such as nitrogen, boron, phosphorus, and extended defects such as grain boundaries
in the case of polycrystalline diamond [40]. The presence of impurites give diamonds the prop-
erties of n-type and p-type semiconductor materials. Due to its semi-conductive properties, it is
possible to use diamond for innovative applications in electronics fields. Indeed, the exceptional
electronic properties of diamond such as relative dielectrical constant ¢, = 5.7, breakdown field
of 107 V.cm™!, high carrier mobility larger than 1060 and 2100 cm?-V~'.s~ for electrons and
holes, respectively at room temperature [41], saturation speed 2.7 x 107cm.s™!) make diamond

a superior candidate in the field of high power and high frequency electronics [42].
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2.2.1.4 Thermal properties

Pure diamonds have a high thermal conductivity (W.cm~'.K™!) at room temperature [43] which
is four times higher than that of copper [44]. The high thermal conductivity of diamond is
exploited as a heat sink for electronic or optoelectronic components such as power transistors and
laser diodes [45]. Diamond has a low heat capacity (6.195 J.mol™"!) and low thermal expansion
coefficient (1075 K" at 20°C), which means that its cooling capacity is higher than any natural
material [46]. As an example, diamond is used to increase the power of laser diodes [47] by
improving the evacuation of the heat generated by the emission. This improvement has simplified

the complex encapsulation due to thermal constraints posed by the materials used previously.

2.2.1.5 Telecommunications

The high speed of propagation of sound in diamond (1.8 km.s' [48]) allows for its application
in the field of telecommunications, and high-frequency telephony [49, 50]. The principle is to
create a surface wave using an aluminum nitride (AIN) type piezoelectric actuator. This wave
then propagates on the surface of the diamond to be converted into an electrical signal using a
piezoelectric receiver. The frequency of use of the filter is proportional to the speed of sound
in the diamond and inversely proportional to the inter-electrode distance. The speed of sound
in diamond is five times higher than in the other materials conventionally used for this type of
application, which makes it possible to reach frequencies of 2 to 3 GHz without resorting to

expensive high-resolution lithography technologies.

2.2.1.6 Biology

Diamond by its chemical composition (carbon), is bio-inert [51] and can be used in the medical

field, while commonly used semiconductor materials such as silicon or gallium arsenide are not
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bio-inert. The electro-stimulation of neurons is one of the therapeutic techniques used in the
context of diseases of neuronal deficiencies such as Parkinson's disease and also in the case of
degeneration of photo-receptors which leads to loss of vision. In the case of loss of vision this is
applicable provided that some of the photo-receptors are still able to function but the information
is cut off at the level of the neurons which drive the information. The electro-stimulation of these
cells after implantation of neuro-stimulators and of photo-receptors can give patients with vision
impairment a chance to regain their vision [52,53]. However, the semiconductor materials used
in this field, such as silicon or gallium arsenide are not bio-inert. Thus, the interface between the
non bio-inert materials used and the human cells can degrade over time, which will not be the
case with the use of diamond. Diamond can provide the link between sensors and deficient cells

and can be simultaneously used as an optical detector [54].

2.3 Production of Synthetic Diamond

2.3.1 High-Pressure High-Temperature (HPHT) diamonds

The first attempt to develop diamond synthesis was to replicate what nature has been doing for
many years. For this, the manufacturing of diamond crystals started in 1953 by the electricity
company ASEA (Allmanna Svenska Elektriska Aktiebolaget) in Sweden that developed a method
called High Pressure and High Temperature (HPHT) (unpublished). This technique uses graphite
mixed with a metal solvent such as iron or nickel which has the property of solubilizing the carbon
strongly. This mixture is then brought to high pressure and temperature conditions using hydraulic
presses equivalent to diamond synthesis from geological deposits. Figure 2.4 shows the illustration

of a hydraulic press for diamond synthesis.

The first published result of the creation of synthetic diamond is attributed to General Electric

which published a similar process as ASEA in the journal Nature in 1955 [55]. Bundy et al.
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(b)

(a)

Figure 2.4 (a) Schematic representation of a hydraulic press for diamond synthesis by HPHT method.

(b) Description of different components of a hydraulic press.

established in 1955 the carbon phase diagram [55], presented in Figure 2.5, which defines the
conditions of temperature and pressure necessary for the production of diamond, in thermody-
namic equilibrium of diamond for different production techniques. Details of these conditions

were reported in 1973 and 1996 [56, 57].

Most of the diamonds produced by HPHT synthesis have nitrogen as an impurity. Nitrogen present
in the air-sealed capsule during HPHT diamond synthesis is incorporated into the diamond crystal
giving it a yellow characteristic color. To grow large pure crystals by HPHT synthesis is possible,
but the process is slow and takes a long time (6-7 mg/h [59]). Advances in the low pressure CVD

technique is favored for manufacturing of single crystal diamonds of high quality.

2.3.2 Chemical vapour deposition (CVD) diamonds

The chemical vapour deposition (CVD) technique is the deposition of a solid on a surface from
chemical reactions in the gas phase at the surface of a suitable substrate. This growth method

was postulated in 1955 by Bridgman, a growth specialist [60]. It was tested for the first time
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Figure 2.5 Carbon phase diagram [58].

in 1958, and then in 1968 [61, 62] resulted in the deposition of carbon atoms in the form of a
polycrystalline layer of diamond. However, the growth rate was extremely slow, of the order of 1
nm/hour. Later, in 1982 Japanese researchers of the National Institute for Research in Inorganic
Materials finally succeeded in growing a thin layer of polycrystalline diamond of 1 micron thickness

with good quality at an acceptable growth rate in a hot filament reactor.

The CVD method of diamond growth involves synthesizing diamond by activating a hydrogen-
rich Hy/CH, gas mixture from low to moderate pressure conditions, where the graphite phase is
thermodynamically the most stable [63]. The production of atomic hydrogen plays an important
role in the stabilization of the diamond phase by saturating the dangling bonds at the surface
and ensuring the reduction of non-diamond phases that is co-deposited (carbon sp?). The methyl
radicals (CH3) produced from the dissociation of methane are considered the principal carbon
species precursor that subtends the sp® carbon bonding and initiates the diamond growth [64].

The growth of high quality diamond films at high growth rates is mainly based on the ability
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to produce a large amount of atomic hydrogen in the vicinity of the growing surface [65]. CVD
diamond growth techniques differ in the method used to activate the gas phase [66]. The two
main types of external sources for the activation of the gas within a chamber (called a reactor)
is a hot filament (HFCVD) and a microwave plasma (MWCVD). HFCVD is a thermal activation
that uses a tungsten filament heated to high temperature (> 2273.15K). This technique allows
to coat large areas at low cost but suffers from low growth rates and significant contamination
by the constitutive metals of the filament. In a MWCVD reactor powers of 600 to 6 kW and
working pressures of up to several hundred mbar lead to high gas temperatures (3500 K) in the
center of the plasma discharge, thus promoting the dissociation of molecules to form a plasma
composed of radicals such as H* or CH; and ionic species such as CQEH;r necessary to initiate

diamond growth. This technique yields reasonably high growth rates.

The advantage of the CVD technique over the HPHT technique is the growth of ultra-pure
diamonds containing less than 1 parts per billion of nitrogen atoms incorporated in the layer. In
addition, the introduction of gaseous species such as borane and phosphine makes it possible
to intentionally dope or incorporate species in the growth phase to reproduce p-type or n-type

diamond [67].

2.4 Classification of Diamonds

Originally, the classification of diamond was based on two criteria, namely ultraviolet transparency
(type | diamonds are not transparent to ultraviolet, while type Il are transparent to about 230
nm [68]) and to the middle infrared (4000-400 cm~!) radiation. Recently, it is mainly from the
absorption in the infrared that the classification of diamonds by type has been established. The
classification is made according to the nitrogen content in the diamonds. Two categories of
diamond have been introduced based on their nitrogen content. Beyond a concentration of 5

parts per million nitrogen atoms, the diamonds are called type | and below that, they are classified
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as type Il [69].

2.4.1 Type | diamonds

Type | diamonds are characterized by the presence of nitrogen. This is the main impurity present
in the crystal lattice. Depending on whether the nitrogen atoms are isolated or aggregated,
and based on their absorption characteristics, diamond can be distinguished into two feather

subcategories within type |, namely type la and type Ib.

2.4.1.1 Type la diamonds

Type la diamonds contain aggregated nitrogen impurities up to 2500 ppm [70]. Nitrogen is present
in the form of A aggregates (association of two nitrogen atoms substituting two neighboring
carbon atoms) or B aggregates (a carbon vacancy surrounded by four nearest-neighbor nitrogen
atoms). According to Koivula et al. [71], the majority of natural diamonds are of this type.
These diamonds are divided into three subcategories: type laA, type 1aAB and type laB, which

are defined by their infrared spectral characteristics.

e Type laA diamonds: This type of diamond contains only nitrogen impurities in the form

of A aggregates. They are relatively common.

e Type laB diamonds: Diamonds of this type only contain nitrogen impurities in the form

of B aggregates. They are very rare.

e Type lIaAB diamonds : Diamonds of this type contain nitrogen impurities in the form of
A aggregates, B aggregates and platelets. This is by far the most common case for Type

la diamonds.
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2.4.1.2 Type Ib diamonds

Type Ib diamonds contain isolated, dispersed, paramagnetic nitrogen impurities located on a
carbon site in the crystal lattice. Natural type Ib diamonds are rare, with 0.1% being the most
frequently quoted figure [70]. It is in this type of diamond that one finds the bright yellow
diamonds whose absorption spectrum does not have the Cape lines (Cape yellow diamonds-
originally termed this way when they were first found in the Cape Province in South Africa).

They are better known in the cosmetic jewelry trade under the name "canary diamonds”.

2.4.2 Type |l diamonds

Type Il diamonds contain very little nitrogen (< 5 ppm, [70]), that is, too little for detection
using an infrared spectrometer. These diamonds are said to be the purest [72]. There are two
categories in this group: Type lla and Type Ilb. The distinction is based on a criterion of electrical

conductivity.

2.4.2.1 Type lla diamonds

Type lla diamonds, called "pure” diamonds, are electrical insulators. They are usually colorless
unless they contain visible absorption defects. They are transparent in the ultraviolet up to 230
nm. The one phonon absorption (400 to 1332 cm™1!) of the infrared spectrum and the visible
spectrum of this type of diamond does not show absorption. Mined diamonds are rarely type lla,

Many "big" diamonds found in diamond mines, including Cullinan, are of this type.
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2.4.2.2 Type lIb diamonds

This category of diamond is characterized by the presence of boron in substitutional form, which
induces a p-type conductivity. Natural diamonds belonging to this category are rare (less than

0.1%) and blue colored due to the presence of boron.

2.5 Doping of Diamond

Diamond is a semiconductor with a wide band gap (5.47 eV). It is intrinsically insulating but can
become either semiconducting, metallic or superconductive if it is doped. The use of diamond as
a semiconductor for electronics is closely related to the possibility of the realization of p-type or

n-type doping to control its conductivity. This requires a good control of the doping levels.

Doping involves incorporating an impurity that results in the creation of an impurity level in the
band gap of a semiconductor material. This new state in the band gap, by means of thermal
excitation, can create holes in the valence band or electrons in the conduction band, depending

on whether the dopant is an acceptor or electron donor, respectively.

In the following section, an overview of reported research done on the different impurities that

can be used to dope diamond is presented.

2.5.1 Impurities in diamond

The high atomic density of the diamond lattice limits the number of potential dopants. The
impurities are selected in relation to the energy required to ionize the associated electrical carriers,
once the atom is placed in a suitable site, which is generally a substitutional site. This energy must
be low enough to allow provision of a large number of charge carriers at room temperature. A brief

overview of the main dopant impurities used in diamond and the associated results are discussed
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below. The ionization levels associated with most of these atoms are deep. Consequently, the

search for new impurities, allowing more efficient doping, is particularly needed.

2.5.1.1 p-type doping

Boron is the main impurity used for p-type doping of diamond. Natural diamond containing boron
exists, but it is very rare (type llb diamond). Boron gives the diamond its blue color and was
identified as the impurity responsible for electrical conductivity in natural type Ilb diamond [73].
Boron was therefore the first dopant used for the synthesis of p-type diamond. With a covalent
radius of 0.085 nm, boron is incorporated fairly easily into a substitution site in diamond (covalent

radius of carbon: 0.077 nm). Its ionization energy is 0.368 eV [73].

Its incorporation during CVD growth is achieved by adding a gaseous borated compound, for
example (BaHg, B (CHs), or Trimethylborane (TMB), B (C;Hs), ), to the Hy/CH,4 mixture in the
CVD reactor [74]. Boron is the most effective p-type dopant in diamond. It can be incorporated
in concentrations sufficient for the production of electronic components in range extending from

10% to some 10*' cm™3 [75-77].

Boron is incorporated more easily on the (111) and (110) faces than for the (100) [78] faces, but
the best results in terms of mobility and compensation are obtained with (100) orientation. Its
ionization energy being high, boron is only partially activated at room temperature. Complete

activation is obtained from 600 °C [77].

Currently, the best hole mobility obtained at room temperature on the (100) orientation is 1840
cm?/V.s for a boron concentration of 6 x 10'7cm™3 [79] and the compensation rate of 0.4% being

the lowest [80].

Calculations based on the DFT-LDA (Density Functional Theory-Local Density Approximation)

method have been carried out in an attempt to determine the ionization energies associated with
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the atoms of group I, (aluminum (Al), gallium ( Ga) and indium (In)) and the simulations give
energies of 1.4 eV, 1.4 eV and 1.8 eV, respectively [81]. Due to its low mass (11 g/mol), boron
is the dopant that gives the best results in ion implantation, for p-type diamond, creating less

damage in the crystal than heavier atoms at the same energy and fluence.

2.5.1.2 n-type doping

Research on the donor dopants is mainly concentrated on the first element of group V of the

periodic table: nitrogen (N), phosphorus (P) and arsenic (As).

Nitrogen, the first element of group V is a natural candidate for n-type doping of the diamond
as it fits easily into substitutional sites, its covalent radius (0.079 nm) is close to that of carbon
(0.077 nm). In contrast, its ionization energy of 1.7 eV which is too high to achieve acceptable
conductivities, at least at room temperature. Because of its high ionization energy, it is generally
not considered a dopant, but a deep trap. It could eventually find electronic applications at very

high temperatures [82].

Phosphorus is the substitutional dopant that has been mostly studied for n-type doping in
diamond and gave the most conclusive results at present [13,83]. This was done for the first time
by CVD deposition on homoepitaxial oriented (111) [13] layers. Its ionization energy is ~ 0.6 eV.
This was measured by various methods: electrical measurements as a function of temperature [84]
and photocurrent spectroscopy measurements [85]. The maximum incorporation obtained is

approximately 5 x 10! ¢cm=3

. Phosphorus has a covalent radius (0.117 nm) much larger than
that of carbon (0.077 nm) and therefore phosphorus causes a relaxation of the surrounding
carbon atoms. This has the consequence of creating a deeper donor level than that calculated
in the effective mass approximation (0.23 eV). The incorporation of the phosphorus is much less
effective for epitaxial growth with orientation (100) than for those with (111) orientation. In

2004, however, an AIST (Association for Iron and Steel Technology) team [86] took a new step



Section 2.5. Doping of Diamond Page 22

in developing n-type doping diamond using phosphor as dopant with (100) orientation. This
is a major advancement because it eliminates a restriction on the orientation of the substrate.
This opens new perspectives for the development of diamond-based electronic components. At
present, the best electron mobility obtained at room temperature for the (111) orientation is

660 cm? - V! - 57! for a phosphorus concentration of 7 x 10'%cm—3 [87].

Arsenic (As) and antimony (Sb) are also potential substitutive donors in diamond. Their
ionization energies, calculated by the ab-initio method [8], were about 0.4 eV for arsenic and
0.3 eV for antimony. However, until now, there has been no significant experimental evidence
supporting these results. Only the implantation of arsenic was attempted, but gave no result in

terms of activated dopant electrical conductivity [88].

2.5.2 Doping techniques

A brief overview of the main results concerning diamond doping by diffusion and by ion implan-
tation recorded in the literature is provided. The hydrogen-terminated diamond surfaces which
are reported to exhibit p-type conduction, will not be discussed [89,90] as they are not relevant

to the work presented here. Readers who want to know more are referred to [91].

2.5.2.1 Doping by diffusion

Few studies have been conducted on diffusion doping. This technique has so far been considered
inefficient in the case of diamond because of the low diffusion coefficient values of most impurities
in diamond. This is due in particular to the high atomic density of diamond. In many studies,
the low diffusivity of dopants is accommodated by a high temperature, ranging from 1400 °C to
1900 °C [92,93]. However, the temperature is limited by the conversion mechanism of diamond

into graphite, which can start around 1500 °C in inert environments.
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2.5.2.2 Doping by ion implantation

lon implantation is a predominatly flexible doping technique from the point of view of the control
of the concentration levels and the geometries of impurity profiles made. It has been decisive
in the design of silicon components with complex geometries. It could appear, in the case of
diamond, as a simpler solution than epitaxial doping at the level of implementation. The first
attempts to dope diamond by ion implantation dates back to the 1960s [94]. The doping of
diamond by ion implantation has attracted much research over the past fifteen years. One of the
major obstacles to this technique is the metastable nature of C-C bonds of sp*-type diamonds.
Indeed, under normal temperature and pressure conditions, the stable configuration of the C-C
bonds is a 2D configuration, sp? relative to graphite. Graphite is conductive, anisotropic and

does not have the hardness of diamond.

The ion implantation process creates defects in the diamond lattice leading to the amorphization
or recrystallization of sp® bonds to sp? bonds, the creation of vacancies, interstitials, dangling
bonds and aggregates of defects. This can lead to the formation of a conductive layer inside the
diamond samples [95]. From a certain concentration of implantation-related defects common to
all dopants, the diamond tends to recrystallize in the graphitic phase during post-implantation
annealing [96]. This critical simulated concentration of defects, evaluated using Stopping Range
of lons in Matter software (SRIM [97]), is Nesitical == 1 — 9 x 10?2 cm~3. The range of 1 — 9 x
10?2 vac-cm™3 is related to the energy range of the implantation. For keV energies the simulated
damage density for amorphization post annealing is close to 1 x 10?2 vac - cm~3, while for MeV

energies it is closer to 9 x 10?? vac - cm™3 [98].

Post-implantation annealing allows movement of the implanted ion from interstitial sites to substi-
tutional sites, in order to improve the charge carrier concentration. It must also repair the broken
bonds created by the bombardment and reduce defects that compensate the carriers due to the

active dopant. Conventional annealing has been shown to leave high defect rates in implanted
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films [99]. The primary drawback in diamond is that it is difficult to annealing at temperatures
higher than 1700 K because of the onset of graphitization at these high temperatures. Unless, it

is short enough to avoid complete graphitization.

A further difficulty lies in the fact that the point defects created by the implantation can quickly
diffuse to combine with each other and form aggregates of defects, which are more difficult to
remove [100]. The post-implantation annealing is generally carried out under high vacuum or

inert gas so as to prevent the combustion of diamond in contact with oxygen.

A possible route to improve doping of diamond by ion implantation is the CIRA (Cold Implantation
Rapid Annealing) method [100,101]. It was developed by Prins [101]. He proposed that because
interstitials begin to migrate at room temperature, leaving behind a high density of vacancies
that combine to create clusters of defects, the implantation should be done at low temperatures.
The CIRA method of performing implantation at a low temperature (usually around 77 K, liquid
nitrogen temperature), was to limit the diffusion of interstitials and vacancies. The sample is then
rapidly annealed from 77 K to some higher predefined temperature, usually 700 K or higher. The
idea was that this method would lead to an effective mopping up of the vacancy self interstitial
defects thereby reconstituting the diamond and trapping the dopants at substitutional sites of

the diamond lattice.



3. Defects in Diamond

Spectral analysis of light emitted by sample can be very valuable for characterizing semicon-
ductors in general. In many wide-band gap semiconductors, defects generated during growth or
after doping (grain boundaries, twins, dislocations, stacking defects, impurities, crystallographic
defects) can act in different ways on the luminescence of the sample, based on defect levels they
create in the band gap. In the case of diamond, luminescence spectra allow for the identification
of donor and acceptor levels involved in the recombination of bound excitons. Several defects
in diamond can therefore be studied from their luminescence spectra, and in particular by the

position and the width of the peaks in a spectrum.

A variety of point defects and impurities in diamond can be present in high concentration and
this can make their study very complex, particularly in CVD diamond layers. It was therefore
challenging to make an exhaustive description of all of the luminescent centers in this thesis. Thus
a brief overview of the most common point defects and impurities in CVD diamond, with a special
emphasis on luminescent defects related to nitrogen, oxygen and nitrogen-oxygen complexes, is

outlined in this thesis.

3.1 Defects in a diamond crystal

3.1.1 Ideal crystal

An ideal crystal is a solid whose structure consists of molecules or atoms in a periodic array.
The lattice is obtained by translations in all directions of a basis unit. This basis unit is the
smallest crystal volume of the lattice and is called a primitive cell. Each element of the lattice

is associated with a well-defined site around which it can perform vibrational movements. Band
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theory describes the electronic structure of a crystal [102]. This theory states that the periodicity
of a crystalline lattice is related to the origin of an energy diagram including allowed bands and
accessible to charge carriers and an energy gap. The last permitted energy band is called the
conduction band (CB). The valence band (VB) is the penultimate band of the allowed energies.
The valence electrons of atoms are located in this band. The two bands are separated by an
energy gap Eg, called band-gap (BG). The energy E, is a characteristic quantity of the material
(see Figure 3.1) and represents the energy required for an electron in the valence band to access

the conduction band for a direct band gap material.

Energy

Conduction band

Band-gap

oncsiand

Figure 3.1 Energy band diagram of a an ideal crystal.

The Fermi energy level, E¢, sets the maximum energy level that electrons can reach at absolute
zero temperature (0 K). The Fermi level position in the energy band diagram determines the
category in which the material is classified. When the Fermi level is located in the conduction
band, the material is conductive and its conduction band is partially filled with free electrons (up
to the Fermi level). When the Fermi level is located between the valence band and the conduction
band, it then distinguishes insulators whose conduction band is empty and semiconductors for
which this same band is practically empty. Insulators have a high gap and thermal agitation does

not allow electrons to pass through to the conduction band. Semiconductors can be considered
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as insulators with a lower energy gap but have an impurity band close to the valence band for a
p-type semiconductor and close to the conduction band for a n-type semiconductor. In this sense
a semiconductor is not an ideal crystal because the dopant atoms are regarded as impurities in

the crystal.

3.1.2 Defects in the real crystal

A real crystal is an arrangement of atoms whose periodicity is disturbed or broken by defects. If
the disturbance is localized at the level of an atom or a unit cell, it is called a point defect [103].

When the disturbances are extended within the network, one speaks of extensive defects.

Point defects are of two types: intrinsic which involve only the host atoms and extrinsic, which
involve impurities or foreign atoms. There are several types of point defects such as vacancies,

self-interstitial atoms or chemical impurities (substitutional or interstitial).

The vacancy is the absence of an atom on a normally occupied site. This usually occurs because
of imperfect packing of atoms during crystallization of the solid or due to the fact that an
atom has been dislodged from the equilibrium position as a result of thermal vibrations at high
temperatures. Vacancy defects facilitate the movement of atoms and thus are responsible for the
diffusion process in the crystal. If there is a large number of vacancies, the atoms can diffuse
easily through the crystal. The number of vacancies in a crystal can be calculated using the
following formula:

E,

n = N exp [_k_Tl

where n is the number of vacancies per unit volume, N is the number of lattice atoms per unit
volume, FE, is the formation energy for vacancy, k is the Boltzmann’s constant and T is the

absolute temperature [102].

Interstitial atoms are actually atoms that occupy abnormal (where no atom is supposed to occupy)
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sites in the lattice. A self-interstitial defect, however, is when an atom of the host material is
positioned at an interstitial site. The presence of chemical impurities refers to the presence
of foreign atoms in the crystal lattice in the interstitial or in substitutional position (solute or

impurity).

In the case of a crystal with several types of atoms, the replacement of an atom by an atom of

another type in the crystal lattice is called an anti-site defect.

Figure 3.2 lllustration of different point defects in a crystal lattice. (a) vacancy defect,(b)

self-interstitial defect, (c) interstitial and substitutional impurity atoms [104].

Figure 3.2 shows the different types of point defects that can be found in a crystal lattice.

Associations of point defects in a crystal lattice are possible as shown in Figure 3.3. In the
case of an ionic crystal, it is possible to find association of an anionic vacancy and a cationic

vacancy as illustrated in Figure 3.3a. This association is known as a Schottky defect. The Frenkel
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defect corresponds to the displacement of a species of the crystal lattice from its site towards
an interstitial position as illustrated in Figure 3.3b. It is therefore an association of a crystalline
species in an interstitial position and a vacancy. Point defects give the crystal specific properties,

such as the color of the crystal or the conduction of the electric current.

Figure 3.3 lllustration of association of point defects in a crystal. (a) Schottky defect and (b) Frenkel
defect [105].

Among the extended defects, one distinguishes surface and volume defects as the grain boundaries.
Grain boundaries can be defined as the juxtaposition of two grains. Stacking faults of atoms or
planes modify the periodicity of the crystal lattice at the level of at least one chain of atoms.

Thus the breaking of an atomic plane is called a dislocation.

The perturbations-induced defects introduce changes in allowed energy levels of a crystal. In
some cases, the disturbance is large enough to produce an electronic state located in the band
gap. These electronic levels are called traps. If a level has an electron capture cross-section
much greater than that of the holes, 0. >> 0},, these electronic levels are called electron traps.
Otherwise, the level is called a hole trap. Some of these traps may be the site of electron-hole
recombinations, which is said to be a recombination center. Electron traps are electron donor

levels in the conduction band. These donor levels are located below the conduction band, while
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hole traps are near the valence band. Hole traps are also called electron acceptor levels. In
the energy band diagram, traps sufficiently far from the conduction or valence bands are not
disturbed in room temperature and are called metastable traps. The traps located near the Fermi
level are characterized by an effective electron capture cross section very close to that of the
holes (0. ~ o0y,) and are therefore generally centers of recombination. However, depending on
the temperature, the electron (hole) traps far away enough from the conduction (valence) band

can become recombination centers.

Energy
Conduction band
E I —— Electrons traps
T TYYY—— E,
Recombination center
Hole traps ——
E, ||

Figure 3.4 Band diagram of a real crystal showing the hole and electron traps as well as the

recombination centers.

The band diagram in Figure 3.4 shows the case of an insulator with an electron trap located at
an energy E below the bottom of the conduction band, a trap of holes at an energy E, above
edge of the valence band and two recombination centers located on either side of the Fermi level
characterized by E¢. The energy E (E, ) corresponds to the energy required to bring the crystal
to untrap an electron (a hole) from an electron (hole) trap to the conduction (valence) band .

This energy is called activation energy of the trap or depth of the trap.

For this study, the focus is on point defects which play a key role in the optical and electrical
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properties of diamond. These are now considerably discussed in sections 3.2 and 3.3, respectively.

3.2 Luminescent defects in diamond

Most of the point defects encountered in diamond involve atoms with a small radius covalent, such
a nitrogen, boron, carbon, hydrogen and vacancies, but more rarely larger atoms, such as silicon,
phosphorus, arsenic and transition metals. The diversity of existing defects being very large, it is
difficult to make an exhaustive list here. In the handbook " Optical properties of diamond” [106],
Zaitsev identifies several hundred optical transitions that are generally associated with one or
more types of point defects. The reader can also consult the book entitled " The properties of
natural and synthetic diamond” [19] which gives extremely abundant and instructive information
on the nature of the defects encountered in diamond (HPHT, CVD, or natural), their possible
evolution according to the treatments carried out (annealing and high pressure treatments) and
their relation to observed optical transitions. It should also be noted that charge transfers are
frequent between adjacent defects, which may complicate their observation or quantification.
This section briefly describes the most frequently encountered defects and impurities in CVD

diamond.

3.2.1 Nitrogen defects

Nitrogen is the most common impurity in diamond and the majority of defects are mainly related
to substitution by nitrogen atoms and vacancies of carbon atoms in the diamond lattice. As
discussed in section 2.4 on the diamond classification, nitrogen-containing diamonds are of type
la, or Ib. The nitrogen concentrations of type Il diamonds are known to be less than 5 ppm and

in theory this can not be detected using a conventional infrared spectrometer [107].

Substitutional nitrogen is a deep donor with an ionization energy of 1.7 eV [108]. It has an infra-
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red spectrum (IR) characterized by a peak around 1130 cm™! as shown in Figure 3.5), and a sharp
peak at 1344 cm~! which is due to a local vibration and which is proportional to the amount
of nitrogen present [109]. At temperatures around 1500 °C the nitrogen atoms become mobile
and may associate with other nitrogen atoms to form A aggregates. This nitrogen aggregate (A
aggregate) is present in type laA and laB diamonds. It has an electron donor level of energy
3.8 eV below the conduction band [110]. When the annealing temperature reaches 2600 °C
under stabilizing pressure of 9.5 Gpa [111,112], B aggregates are obtained. The B aggregate
corresponds to the association of four nitrogen atoms around a carbon vacancy. This type of
aggregate is visible in type laA and laB diamonds. The main common luminescence defects

related to nitrogen and other impurities are discussed below.
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Figure 3.5 Infrared spectrum of type laA diamond showing the presence of isolated substitutional

nitrogen atoms (C centre) with peaks at 1130 and 1344 cm~1 [113].
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3.2.1.1 A centre

The A centre represents the association of two substituted nitrogen atoms and has trigonal
symmetry [114]. This centre is active in the infrared and inactive in the visible spectral region. In

the infrared one-photon absorption region, the signature of the A centre in diamond is represented

1 1

by a feature starting at 1332 cm™", in which the main peak is located at 1282 cm™ and two

additional broader peaks, at 1212 cm™! and 482 cm™!, respectively [115] as shown in Figure 3.6.

From a theoretical point of view, the gain in energy when two nitrogen atoms form a pair is
between 2 and 4 eV [116,117], which is relatively favorable. The absorption coefficient related
to the band at 1282 cm™! can be up to 85 cm™! [106] which, in this case, makes it one of the

most intense absorptions of the infrared spectrum of diamond.
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Figure 3.6 Infrared spectrum of type laA diamond showing the A centre signature peaks at 1212 and
1282 cm~! [113].
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3.2.1.2 B centre

This aggregate is a combination of four nitrogen atoms arranged around a carbon vacancy (4N-
V). It has Td symmetry. The activation energy for transforming A aggregates into B aggregates
is between 6.5 and 7.6 eV [118]. The B centre is active in the infrared and inactive in the visible,
and is not known to be responsible for luminescence. In the infrared one-phonon absorption
region, the B centre is represented by an absorption feature starting just before the Raman band

of diamond at 1332 cm™!. The B centre has a sharp peak at 1332 cm™! (superimposed with

1

Raman peak of diamond), a broad peak at 1180 cm™! with a shoulder at 1096 cm~! and an

additional broad peak at 1010 cm™! as illustrated in Figure 3.7. Two additional broad absorption
peaks at 754 cm™! [119] and about 780 cm™! [106] are also found on the infrared spectra of

diamonds with B aggregates.
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Figure 3.7 Infrared spectrum of type laB diamond showing the B centre signature peaks at

1010,1096, 1180 and 1332 cm~*! [113].
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3.2.1.3 Platelets

Platelets are defined as extended planar defects that appear in diamond containing aggregated
forms of nitrogen. [120]. Diamonds that have platelets are therefore very rich in nitrogen. The
size of these platelets varies from a few nanometers to a few micrometers. In the infrared, the
peak correlated with these platelets is at about 1365 cm™! (between 1375 and 1358 cm™1!), and

is called B’, the position varying according to the dimension of the platelet.

3.2.1.4 NO9 centre

These centres occur naturally in nitrogen-containing diamonds in the form of B aggregates (B
centre) whose intensity of the absorption band is proportional to the nitrogen concentration. The
N9 centre has three very close absorption bands: 236 nm, 235.6 nm and 234.9 nm and energies
of 5.252, 5.262 and 5.277 eV, respectively [106]. The most intense is close to 236 nm (5.252
eV). The relative intensities of these components depend on the temperature in the luminescence

spectrum, but not on the absorption spectrum [106].

3.2.1.5 N3 centre

The N3 centre has an absorption peak at 415 nm. It consists of an aggregate of three substituted
nitrogen atoms surrounding a vacancy [121]. It comes from the transformation of A aggregates
into B aggregates, and occurs if there are many B aggregates. This centre is the signature of
type la diamond since 95 % of diamond showing photoluminescence of the N3 centre belong to
type la [122]. Field reported that the absorption intensity of N3 centre is proportional to the
B-aggregates and the platelet peak [19]. N3 has several excited states in the band gap. One
of them corresponds to a visible absorption at 478 nm, denoted N2. In type lla diamond, the

N3 centre can be created after nitrogen ion implantation followed by annealing at a temperature
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above 1200 °C.

3.2.1.6 389 nm centre

The 389 nm centre is a defect induced by electron irradiation in all types of diamonds [106]. It
is one of the common characteristic features of CVD diamonds. It has also been observed in
some as-grown CVD diamond films [123]. Its luminescence is strongly enhanced after annealing
at 550 °C. This defect has been suggested to involve an interstitial carbon atom and a single

nitrogen atom [124]. Figure 3.8 shows a typical photoluminescence spectra of 389 nm centre.
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Figure 3.8 Typical photoluminescence spectra of 389 nm centre taken at low and room temperature

(bold line) from as-irradiated CVD diamond [125].

3.2.1.7 THb5 centre

The TH5 centre (487.5 nm) is a defect induced after electron irradiation and subsequent annealing

at temperature above 400 °C in type lla and la diamonds [106]. The TH5 centre anneals out at
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temperature above 1000 °C. This centre has been suggested to be an intrinsic defect containing
a divacancy [43]. The emission peaks related to the TH5 centre are: 485.8 nm, 483.7 nm, 482.4
nm, 480 nm, 478.7 nm and 476.5 nm [106].

3.2.1.8 NV centre

Nitrogen vacancy centres (NV centre) is a naturally occurring defect in any nitrogen-containing
diamonds. The NV centres can also be created artificially. It consists of a nitrogen atom in
substitution of a carbon atom next to a vacancy as illustrated in Figure 3.9. It can exist in
different charge states. The neutral form of the nitrogen-vacancy centre denoted as NV°, has a
single electron, which is not involved in either a chemical bond or a non-binding pair associated
with an atom. The negatively charged form, NV~ | has two free electrons. These electrons can
undergo optical transitions. They confer photoluminescence properties on these two charge states

of the NV centre.

e The NV° centre has a zero phonon line at 575 nm. In a high quality CVD diamond,
the ZPL can be as narrow as 1 meV at nitrogen liquid temperature. lts symmetry can be
either of trigonal (Cs,) or Cy,. It has an electronic transition between 2E ground states of
trigonal symmetry, to an excited state A, with a energy of 1.57 eV. There is also another

transition (below the main transition) from 2A, to 2A;.

e NV~ centre has a zero phonon line at 637 nm. It belongs to the C3, point group. This
association forms a fixed molecular system in a host matrix. The substitution of a carbon
atom by a nitrogen atom brings an unpaired excess electron, which can stay localized on
this defect. The NV~ behaves as a paramagnetic defect due to the unpaired electron. The
electronic structure of the NV~ centre has been definitively established after several years
of controversy. It is an electronic transition between a triplet ground state of spin 2, of

symmetry 3A, to an excited state of symmetry 3E. Other levels of symmetry 'E and 'A,
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have also been identified. Their energies are 0.44 eV and 1.67 eV respectively [106]. Since

transitions to these levels are optically forbidden, they can act as traps [126].

The NV~ centre is not observable in photoluminescence or cathodoluminescence spectra
recorded under excitation energy exceeding the band gap of diamond due to the fact that

such excitation ionizes the negative centres which drives them to the neutral state [127].

NV O == Carbon atom
centre @ — Nitrogen atom
@ - Vacancy atom
NV-
centre

(a) (b)

Figure 3.9 lllustration of NV centre in a diamond crystal lattice. (a) Neutral form of NV centre and

(b) negatively charged state of NV centre [125].

3.2.1.9 H3 centre

The H3 centre (ZPL at 503.2 nm) is a common optical feature for most of the nitrogen containing
diamonds. Its a typical radiation centre of diamond. This defect is produced after irradiation
and subsequent annealing at temperatures above 550 °C. However, it is also observed naturally
in some synthetic diamonds. The intensity of the luminescence of an H3 centre generated by
low-energy electrons is proportional to the concentration of the B centre. This is explained by the
fact that the nitrogen in the B centres favors creation of the vacancy near the A centres [106].
Its annealing behavior depends on the type of diamond and irradiation conditions. For ions
implanted nitrogen-containing diamonds, the H3 centre becomes wider after annealing at the

temperatures at which the centres are created. The luminescence intensity of the H3 centre
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increases dramatically at low liquid nitrogen temperature with respect to room temperature
measurements [128]. The H3 centre is formed from the A-aggregate of nitrogen and vacancies.
The most widely accepted model of H3 centre is a pair of substitution nitrogen atoms separated

by a vacancy ( N-V-N), with a rhombic-I Cy, symmetry.

3.2.2 Carbon defects

3.2.2.1 Carbon vacancy centre

The centre related to the presence of the neutral vacancy (V°) is called General Radiation (GR).
The largest electronic transition related to V° is named GR1 and has a zero phonon line at
740.9 nm. However, there is also a whole series of fine absorptions between 430.7 nm and
413.6 nm called GR2-8 that are linked to this centre. The GR1-related electron transition takes
place between the 'E (ground state) level and the ' T, (excited state) level of the Td symmetry
defect [106].

The centre attributed to the presence of the negatively charged vacancy (V™ i.e. 5 electrons) is
called ND1. This centre has a zero phonon line at 3.15 eV (394 nm). The V™ electron transition
takes place between the A, (fundamental) level and the “A; (excited state) level of the point

symmetry T4 defect [129].

3.2.2.2 B5RL centre

This system is a radiation damage centre occurring in type Ib, lla and Ilb diamonds of different
origin. It can also be seen in as grown diamond samples [130]. It was initially observed by
Wight [131]. Its luminescence spectrum is characterized by an intense zero phonon line, located
at 270.6 nm (4,582 eV) accompanied by a shoulder extending over a few hundred meV from which
two other zero phonon lines at 282.4 nm (4.380 eV ) and 281.3 nm (4.407 eV) emerge as shown
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in Figure 3.10. The whole spectrum comes from a site with a non-degenerate triplet electronic
state and a singlet electronic state characterized by strong electron-phonon coupling with a local
mode (237 meV). The 5RL centre has been observed only at nitrogen liquid temperatures and
it almost vanishes at room temperature. In addition, it has been reported to be suppressed by
the presence of oxygen [132]. The 5RL centre anneals out when a diamond is annealed at the
temperatures above 900 °C [133]. The centre has been tentatively attributed to be related with

the presence of carbon interstitials [123].

5RL centre 237 mev
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HPHT 4,582 (ZPL)
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Figure 3.10 Typical CL spectra of 5RL centre recorded at liquid nitrogen temperature of as-irradiated
CVD diamond film and single crystal diamond HPHT diamond. The 175, 193 and 237 meV are the

three local vibrational modes [106].

3.2.2.3 TR12 centre

The TR12 centre (ZPL at 469.9 nm) is a typical radiation centre observed in all types of diamond
after higher-energy irradiation [106]. The TR12 centre has been reported to occur in relatively

pure diamond after electron irradiation [106, 134]. It is suppressed by hydrogenation in CVD
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diamond films as-irradiated with ions [135]. In type Il and low-nitrogen type la diamonds the
intensity of the TR12 center is enhanced by heating at temperatures of 300-600 °C [136]. It
has been reported that the TR12 centre anneals out at temperature above 700 °C and it is
also strongly quenched by nitrogen including ion implanted nitrogen [106,134,137]. The centre
has local vibration mode at 508.8 nm. The TR12 centre is attributed to a defect involving two

vacancies and two interstitial carbon atoms in hexagonal positions [106].

3.2.3 Boron defect

Boron is easily incorporated as an impurity in the diamond lattice. The presence of boron leads to
absorption in the visible and especially infrared, which result in the blue color of type |Ib diamond.
The main absorption lines attributed to boron in the infrared are: 1290 cm~*!, 2456 cm™!,
2800 cm~!, 2931 cm™! and 4090 cm™!. There are also several luminescence features involving

boron atoms (More information can be found in ref [138]).

3.2.4 Hydrogen defect

This is the second most common impurity after nitrogen in diamonds. However, hydrogen is
found primarily in type la diamonds, so it appears that this impurity is related to the presence of
nitrogen [139]. In the infrared, the peaks due to the presence of hydrogen are superimposed on
the diamond absorption. The hydrogen absorption is spread from the one phonon absorption to
three phonon absorption regions. Natural diamonds show very sharp vibrational peaks attributed
to various carbon-hydrogen vibrations. In particular, there are two vibrations at 3107 cm™!

(elongation of the C-H (= s) bond) and 1405 cm™' ((angular deformation of the C-H (= b)

bond). These vibrations produce combinations to:

e 2786 cm™!: first harmonic of the angular deformation of C-H (= 2b)
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e 4169 cm™!: second harmonic of the angular deformation of C-H (= 3b)
e 4496 cm~!: combination of elongation and angular deformation of C-H (= b + s)

e 3237 cm~!: N-H bond.

1

When the absorption peak of the hydrogen at 3107 cm™ is more intense than the intrinsic

diamond band (2450 cm™1), this diamond is called " H-rich diamond” [139].

3.2.5 Oxygen defects in diamond

Due to its size, which is very close to that of the carbon atom, oxygen is likely to be one of the
major impurities in diamond [140]. However, there is less experimental data regarding oxygen
related defects in diamond. This is due to the fact that it is a challenge to detect fingerprints
of oxygen defects using most of the spectroscopy techniques commonly used, such as electron
spin resonance or vibrational spectroscopy. For the reason that oxygen is a very light element,
160 is the most abundant isotope of oxygen in nature and it is spinless [141]. However, there
are some studies based on DFT calculations [3, 140-142] which provide a better understanding

on the nature of oxygen defects in diamond.

An ab initio plane-wave pseudopotential calculation [3] has shown that as a substitutional dopant,
oxygen introduces a defect level in the band gap and it is related to a non-degenerate a; state
located in the middle of the band gap in diamond. The energy of this a; state is essentially the
same for all charged forms of oxygen. The authors in [3] have also shown the emergence of other
state (t2) situated close to the conduction band edge. The positions of the energy levels of these

defects were estimated and are given in the Table 3.1.

The theoretical work of Thiering et al. [141] revealed that the oxygen atom is likely to be on

a substitutional site rather than an interstitial site. This is because the calculated formation
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Table 3.1 Different positions of oxygen defect energy levels in the band gap, calculated with an

energy gap at 4.5 eV [3].

Defect | E(a;) | E(t2) | AE
O*" | 1.18 | 3.36 | 2.18
O" | 150 | 3.50 | 2.00

0 1.96 | 4.13 | 2.17
O~ | 198 | 3.87 | 1.89

energy of interstitial oxygen defect is higher compared to the substitutional one. In spite of its
higher formation energy, an interstitial oxygen atom can still be created by means of oxygen
ion implantation. However, oxygen in an interstitial site is optically and electrically inactive in
diamond with a spin singlet ground state. This conclusion was made after the result of their
DFT calculation showed that no defect state was created within the fundamental band gap of
diamond after the incorporation of a single oxygen atom in the interstitial site. Furthermore, the
energy barrier for diffusion has been calculated to be 3.13 eV [141]. This huge energy barrier
suggests that the interstitial oxygen atom should not be mobile in diamond. The same authors
confirm that oxygen as a substitutional defect occurs in different charged states, depending on
the location of the Fermi level. These various charge states influence significantly the geometry

of the ground state as shown in Figure 3.11.

The highest T4 point group symmetry is caused by the double positive charge of the oxygen. lts
defect level lies within the valence band although the anti-bonding empty a; and t, orbital levels

occur in the band gap (label as 1a; and 2ty).

Another charge state of oxygen which can appear as a substitutional defect in diamond is the
positively charge of O(+) defect. This oxygen charge state has C3, symmetry. Here, the t, state

is divided into a; and e (2a; and 2e). This separation of ts is caused by the distortion of T4 to
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Figure 3.11 (a) Geometry of different charge states of substitutional oxygen defect (b) Symmetry and

varous charge transition levels of substitution oxygen defects [141]

Cs, symmetry. In contrast to the doubly positively charge od defect, this state has S = % electron
spin, which makes it paramagnetic and consequently can be detected by electron spin resonance

with the related hyperfine signal [141].

Neutral substitutional oxygen has C,, symmetry. Here, the 2t, state is splits to three different
states namely: 2by, 2b, and 2a;. In this structure, the 2t, level lies near to the 1a; level while
the 2b, and 2a; levels are resonant with the edge of the conduction band. They predicted a zero
phonon line at 1.39 eV and this would have to be related to the neutral charge of the oxygen
defect. In addition, according to the authors, the neutral oxygen charges should be found in
nitrogen-contaminated diamond while the negative charge state should only exist in phosphorus

doped diamond.

A vacancy can be combined with a substitutional oxygen to form oxygen-vacancy defect. In
diamond, oxygen-vacancy defect has Cs, symmetry. According to the calculation done in [141],

oxygen vacancy defects may form charge states from 2+ to 2-. However, the doubly positive
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(2+) oxygen vacancy defect should only occur in boron-doped diamond while the doubly negative
oxygen vacancy defect might only take place in p-doped diamond. In addition, the electronic
structure of the neutral oxygen vacancy has been found to be similar to the negative charge
of the nitrogen vacancy defect. Their calculations also revealed that oxygen vacancy defects in
diamond exhibit three defect levels within the band gap: 1ay, 3a; levels and a degenerate e level.
In the neutral charge state, 1a; level (one of the three state of the oxygen vacancy) is localized

above the valance band edge, and within the valance band edge for the positive charge states.

In terms of experimental data, there are few luminescence structures attributed with oxygen
defects in diamond. Among them are cathodoluminescence peaks at 484.12 nm, 463.3 nm
and 454.9 nm associated to oxygen impurity by Ruan et al. [143]. These peaks were observed
from their diamond films samples which were grown with 0.1 % O, in the gas mixture using
microwave-plasma-enhanced CVD. These authors noticed also a decrease of intensity on some

impurity-related luminescence peaks when the gas mixture was 0.1 % .

Mori et al. [144] attributed two features observed at 330.6 and 267.2 nm in their cathodolumi-
nescence spectra to oxygen defects. These broad peaks were obtained after oxygen ions were
introduced into a CVD diamond samples using a CrO3 treatment followed by an exposure to a

hydrogen plasma.

Gippius et al. [145] attributed the peaks at 584.8 nm, 598.3 nm, 836 nm and 845 nm in their
photoluminescence spectra of implanted natural type lla diamond samples to defects related to
oxygen impurities. These luminescence features appeared after higher temperature annealing
above 1500 °C. In addition, the luminescence intensity of these peaks were enhanced when the
samples were annealed at 1650 °C after irradiation by 4 MeV electrons. According to the authors,
the high temperature annealing allows the implanted oxygen atoms from some configurations

where they were optically inactive, to become active after high temperature annealing.
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3.3 Background on N-O complex in diamond

A study conducted by Eyre et al. [16] on multi-impurity complexes for n-type diamond has shown
that the substitution nitrogen and oxygen atoms in a diamond lattice prefer nearest-neighbor sites
and form deep donor defects [16]. Lowther [11] analyzed properties of various charge states of
the nitrogen-oxygen pair in the diamond lattice using ab initio plane-wave calculations and found
that N-O complexes are very stable defects in diamond. In particular when the concentrations of
nitrogen or oxygen atoms are very high it results in the arising of the Fermi energy level in the

material [11].
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Figure 3.12 Defect related band structure of different charged froms of the nearest substitutional pair
of N-O in diamond [11]. This figure shows the occupied shallow level which is less than 0.3 eV below

the conduction band.

The aggregation energies of various charge states of N-O defects are given in Table3.2. The

negative charge state of the N-O centre has been found to be the most stable and it exhibits
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Table 3.2 Agregation energies for various charge states of the N-O defect in diamond. The values
presented in this table have to be treated with some care as the band gap used for the calculation is

4.5 eV compared to the experimental value which is 5.47 eV. [11].

Defect | E,q (eV)
[N-O]*+ | -3.67
[N-O]* | -2.38
[N-O] -5.17
[N-O]~ | -4.08
[N-O]~~ | -4.82

shallow n-type defect behavior. In fact the negative charge states of the N-O defect introduces
significant local lattice distortion caused by the strong repulsion between N and O ions, which
then consequently results in the shortening of C-N bonds. Furthermore, the repulsion between N
and O atoms increases the electron charge density over that of pure diamond while lowering the
value of both N-C and O-C bonds. As a result, there will be an accumulation of charge on the
C-N bonds relative to that of a normal C-C bond. The shallow n-type character of the negative
charge form of the N-O defect, associated with a strong charge accumulation adjacent to the
C-N bond, should induce efficient electron emission. The occupied shallow level for the negative
charge form of the N-O defect has been calculated to be less than 0.3 eV below the conduction
band edge which is much shallower compared to nitrogen (1.7 €V) and phosphorus (0.6 V). The
shallow highest occupied state of the negative charge form of N-O is a degenerate level in the

point group Cs, of the defect symmetry [11].

The density functional theory calculations of Etmimi et al. [142] revealed that the electronic
structure of the N-O pair is a combination of the constituent parts and the N-O complex in

diamond can have both donor and acceptor levels at E, + 3.7 eV and E, + 1.5 €V.

The N-O pair has been suggested to be responsible for two paramagnetic resonance centres
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labelled N3 and Okl1, with N3 as the nearest-neighbour N-O pair [17] while Okl is the second

nearest neighbour pair [18].



4. The Physics of ion implantation

lon implantation is a powerful tool widely used for modification of the near surface composition of
materials [146—148]. This technique involves the introduction of dopant impurities with enough
energy (from several hundred eV to MeV) to penetrate the target sample surface in order to
modify its electrical, chemical, optical and structural properties. Developed in 1954 by Shockley,
ion implantation has undergone considerable development since the 1970s, with a view of its

integration into the large-scale microelectronics industry.

The following sections give the principle of ion implantation, its advantages and disadvantages
with respect to the diffusion doping method. In addition, the generation of defects by ion
implantation and subsequent annealed are discussed, this includes the activation and diffusion of

implanted species.

4.1 Principle of doping by ion implantation

lon implantation is currently the most commonly used conventional technique for introducing
a dopant into a semiconductor material. This technique is based on the acceleration of the
dopant ions by an electric field to bombard a "target” material. The ions can be accelerated
at a voltage of some keV (low energy implantation) to a few MeV (high energy implantation).
Mass separation by magnetic sorting is used to specifically select a type of dopant ion, which
provides the advantage of obtaining a pure beam. The depth of penetration and the fluence
of the incorporated ions can be easily controlled by adjusting the energy transferred to the ion

during acceleration and by modifying the implantation current, respectively.

During the implantation process, the element to be implanted is introduced (generally in gaseous

form) into an ionization chamber. The most common technique for ionizing a gas is to emit

49
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electrons from a filament. These will collide with the atoms of the gas and ionize them, creating a
plasma, i.e. an electrically neutral ionized gas composed of molecules, atoms, ions and electrons.
The resulting plasma can, in some cases, be confined magnetically by means of permanent
magnets or electromagnets. An electric field makes it possible to extract the ions from the source
and accelerate them towards the target material. Most ion implanters also use a magnetic mass

separator to select a single ion type to implant.

Figure 4.1 shows all the interactions which usually occur between the implanted ions and the
target material during implantation. At the beginning of their course in the target material,
the implanted ions will have an almost rectilinear trajectory because of their high kinetic energy.
They will gradually lose energy by interacting with the electrons of the target material. Once the
implanted ions have lost most of their energy and speed, they will then interact with the atoms

of the target material through elastic collisions.

incident ions

atoms sputtered

| backscattered | on the surface
ion ‘:‘ )

>

‘ average depth of defects

r (O () displacement cascade
") of atoms of the target

depth of implantation

implanted ion

Figure 4.1 Diagram showing the interaction processes of the implanted ions with the target

material [149].
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An important phenomenon called sputtering may occur upon implantation. Indeed, under the
effect of elastic collisions, atoms at the surface of the target material can be ejected, creating
surface erosion. Depending on the nature and energy of the implanted ions, this phenomenon
can be more or less accentuated, and induce a change in the concentration profile. It should
be noted that for energies and ions used in the implantation regime for semiconductors, nuclear

reactions do not occur.

A typical ion implantation scheme is given in Figure 4.2. It includes:

e an ion source compartment in which electrons emitted by a heating filament ionize a

gas;

e a primary electrostatic field which is directly applied to the exit of the ionization chamber

to allows the extraction of ions from the source compartment;

e a mass spectrometer in relation to the analyzing magnet is used to perform a physical
analysis of the emitted ion beam. Each ion is derived according to its mass, speed, and
magnetic field value. A slot (resolving aperture) placed at the exit allows to select a single

species of ions with well defined energy;

e an accelerator for acceleration of the ion beam to energies between keV and up to several
MeV (in the diagram shown the maximum energy of the ions would be 200 keV), before

being focused on the sample;

e finally, a system of electrostatic deflection (X and Y scan plates), which scans the

beam uniformly across a large area before arriving at the target.

By measuring the charge accumulation on the target, the implanted ion fluence can be determined.
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Figure 4.2 Typical diagram of an ion implanter [150].

4.2 Advantages and disadvantages of ion implantation tech-

niques
The major advantages of ion implantation are [151, 152]:

e It can be applied to any type of substrate and any type of impurity;

e The total amount of ions introduced can be easily measured by integration of the ion
current flowing through the substrate. It is, in fact, the only method of doping materials

that actually counts the impurities arriving at the surface;
e The nature and the distribution depth of the implanted ions are easily controllable;

e Exceeding the solubility limit of the implanted element in a given material and/or intro-

ducing ions that could not be introduced by other methods (such as simple diffusion or

epitaxy);
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e By combining photolithography and implantation, it is possible to only dope only an ex-
tremely small selected area on the surface of a wafer. It is therefore a selective doping

method.

e Improved surface properties without affecting the bulk properties of the materials.
Despite many advantages of this technique, it has a few disadvantages as mentioned below [153]:

e Presence of radiation damage, in the form of vacancies, interstitials and extensive defects.
In the case of silicon, this is not a problem as it is recovered by post-implantation annealing.
However, in the case of diamond, the situation is much more complex: the damage sub-
stantially modifies the physical properties of the material, and the various annealing steps

do not necessarily restore them.

e Directional nature of the technique makes it difficulty to process objects with three dimen-

sions.

e Often the gas sources used such as arsine (ASH3), and phosphine (PH3) are extremely

toxic.

e Heavy equipment and very expensive.

4.3 Stopping power

The ions that penetrate the target will lose some of their kinetic energy during successive nuclear
collisions. The slowdown of the ions in matter is characterized by its stopping power, note %,
which corresponds to the quantity of energy lost during a course of length dz. We consider from

the theory of implantation that this stopping power is the sum of two contributions, one nuclear
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and the other electronic [154]. Thus, the energy lost involver the length dx can be written as:
dE dE

S(EF)=S,4+Se=|— + | — 43.1
( ) ( dx )nuclear ( dx )electronic ( )
Among these two components, only the nuclear contribution participates in the generation of

defects in diamond. The detailed characteristics of these two components are now discussed.

The nuclear stopping power interferes with atoms at low speeds. These collisions are elastic and
standout from classical theory. The quantity T{,) of energy transferred to the target atom of
mass M, by an incident ion with energy E' and mass M is calculated according to the classical

formula given by:

Typ) = MESHP (M> (4.3.2)
(M + M)

0 (p) is the scattered angle and p the impact parameter (Fig 4.3).

Figure 4.3 Schematic illustration of a collision between a projectile of mass M; and a target atom of

mass Mo

In equation (4.3.1) the nuclear stopping power S,, can be derived from a screened Coulomb
potential (Thomas-Fermi potential) using the reducing variables € and p introduced by Linhard

et al. [155], as follows:

dE 71 Zy M1 S,
(d_) — 500.6 et ZaMh 5 () i3 (43.3)
L/ nuclear M, (Ml + M2) (Zf/?’ + Z22/3>
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M and M are the masses for the incident ion and the atom of the host material, respectively.
Z1 and Z, are the correspond atomic numbers of the incident ion and the atom of the host
material. p is density of the target material (g-cm™3) and S,, (¢) is the universal reducing nuclear

stopping power which was introduced by Lindhard et al. [155].

Equation (4.3.3) can be simplified and replaced by an analytical expression proposed by Wilson

et al. [156] It is based on a potential called Kr-C (Krypton-Carbon):

0.5In (1 +e)
€ + 010718037544

Sn (E) = (4.3.4)

We distinguish two components for the electronic stopping power: local and non local stopping
power. The ion passing through the crystal undergoes repulsive forces from multiple sources of

electric fields.

Figure 4.4 Schematic illustration of (a) non-local electronic stopping power and (b) local electronic

stopping power.

The electric field of the ions will then cause displacements of electrons involved in the bonds of
the crystal. These electrons will strike the ion and the interactions will result in dipole moment
that creates a polarized electric field in a direction opposite the velocity vector of ion [157]. The
resultant force of this electric field applied to the ion is called the non-local electronic stopping
power and it it illustrated in Figure 4.4a. Unlike the nuclear stopping power, which influences ions

as they pass close to a target atom, the non-local electronic stopping power interferes with the
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entire trajectory of the ion. Finally, when the ion approaches an atom, the electron cloud of the ion
will interact with the core electrons of the atoms. The electrons of the ion can then transfer part
of their kinetic energy to the electrons of the target, and their by inducing a decrease in the total
energy of the ion. The force that results from this energy transfer is related to the local electronic
stopping power [158] as illustrated in Figure 4.4b. Unlike the non-local electronic stopping power,
the local component acts on the ion only during the period when the ion is close to the atom. In
addition, the local electronic stopping power can (unlike the non-local) influence the trajectory
of the incident ion (but to a much lesser degree compared to the nuclear stopping power). At
higher energies, electronic stopping power dominates over the nuclear stopping power. In the

field related to ion implantation, the electronic stopping power is described generally as [159]:

dE AV

(d_) = 231.6 pZ,/° =5 VE (keV) (4.35)
X . 2/3 2/3
electronic (Zl/ + Z2/ )

In reduced notation, the effective electronic stopping power can be written as:

g1271/6 (n L )32
S, (e) = 0.07937,/6 2122 (M + M)

23 2/3\ 1 2/3 . 1273 (43.6)
(Zl n ) M0
More information regarding the calculation of nuclear and electronic stopping power can be found

in the textbook: lon implantation science and technology [153].

4.3.1 Atomic displacements

A simple estimation of the number of displaced atoms can be obtained by considering a model of
balls infinitely subjected to elastic collisions. Upon entering the crystal lattice, the incident ion
of energy F; and mass M, strikes the first target particle of mass Ms. This is the primary shock

for Figure 4.5.
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Figure 4.5 Representation of different displacements of atoms of the host material upon ion

implantation [160].

During the collision, there is a transfer of energy T{,) from the incident ion to the atom of the
host material that leads to a displacement of atoms whenever T, is greater than threshold
displacement energy E; (E, is defined as the minimum energy necessary to move a host atom
from its initial position, the theoretical value of E,; for diamond is 25 eV [161]). The displaced

atom (mass M) will then hit a second atom of the target lattice and provide an average energy

Tip)
5 -

. ) ) T Ty T T T, .
At the third shock the transmitted energy will be =, then %, f—g), %2"(—3)1 This will have

a cascading effect where each displaced ion can move one or more ions. As long as the energy

transmitted is greater than Ej, the energy transfer continues and the lattice is damaged. The

average number of particles displaced per unit area is therefore :

Tip)

N, = —®
‘T 9om,

o (4.3.7)

® is defined as the total fluence implanted (cm™2).

This relation is valid in the case of elastic collisions. To generalize it, the incident energy must

be replaced by the energy lost by nuclear collisions. The equation of the density of defects per
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unit volume is given by:

Nq (z) = (QLE);@ (4.3.8)

The maximum of the function Ny (x) corresponds to © = R,. If the implantation dose increases,

the defect density increases to a value comparable to the atomic density of the target material:

Ny () & Nggom (cm™)

It is said that there is amorphization when this concentration is reached. The corresponding
implantation dose, called the critical dose of amorphization, ®.;s;c.; is then given by the following

expression:

2Ednatom

(bcritical = (@ (439)

dz )n,mar

In practice, the number of atoms displaced and measured experimentally is lower than the the-
oretical estimation. This is mainly due to the channeling of particles which are dependent on
the orientation of the target crystal lattice, the recombination defects interstitials-vacancy, the
activation of the thermal diffusion of the defects, the isolated interstitials and vacancies by the

warming of the target material upon ion implantation [162].

4.3.2 The stopping range

The stopping distance R, called the range, can be defined as the average distance traveled in the

target by an incident ion energy FE; and it is given by the following expression:

1 /[ dE
R= [E el (4.3.10)
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The distribution of ions can be estimated using a model based on Bohr's theory developed by
Lindhard et al. [155]. This method known as the LSS theory, allows one to estimate the main
parameters that characterize the ion implantation. These main parameters are: the trajectory of
the ion inside the solid, R, its projections in the incident direction, Rp and perpendicularly R,

as well as the corresponding standard deviations AR, and AR .

Due to the random nature of collisions in the material, at first approach, the distribution of the

implantation atoms n (z) can be described by a Gaussian function as given below:

_ . (z — Rp)z
n(x) =n(R,)exp ( SART AR, ) (4.3.11)

where AR]% is the quadratic root of the standard deviation of the projected range (AR, is known

as straggling).

The implanted fluence ® corresponds to the number of ions introduced into the solid per unit

area and is written as:

o = /Ooon(x) dx (4.3.12)

Using this expression, the maximum concentration of the implant atoms is written:

)

n(R,) = \/%—ARP

(4.3.13)

In practice, the simple Gaussian approximation is very often insufficient to represent an implanta-
tion profile with the necessary precision. We then resort to simulation programs. In the framework
of this work, we will use SRIM (Stopping and Range of lons in Matter [97]) for the estimation of

different parameters of the implantation.
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4.4 Defects caused by ion implantation

The major disadvantage of the ion implantation technique is that it causes damage to the structure
of the target or in our case, the diamond lattice by displacing atoms from the target. If the
displaced atom acquires enough energy during the collision, it will again generate another collision
and thus give rise to a cascade of collisions. The duration of a cascade being of the order of
a picosecond. The displacement of the atoms of the crystal produces interstitial-vacancy pairs,

also called Frenkel pairs.

During the relaxation time of the collision cascade, most of the Frenkel pairs will recombine to
allow only a tiny fraction of the defects to survive. The probability of recombination is a function
of the distance between an interstitial and a vacancy, the temperature and the number of traps
present for the point defects. The number of interstitials and vacancies remaining after ion
implantation is a function of the implantation conditions such as the mass of the implant ion, the
implantation energy, the dose (or fluence), the temperature of the target and the implantation

current.

The distribution of defects as a function of depth is very different from that of implanted ions.
The defects are created at shallower depths. Indeed, the ion does not have enough energy, when
it is at the end of its course, to move atoms away from their original site. The area where most
of the defects are created, between the surface and the maximum implantation range (R,), is

called the "cascade zone". This is illustrated in Figure 4.6

Although many defects remain in the crystal after ion implantation, the crystallographic structure

of the sample is not completely destroyed.

Depending on the degree of crystal damage, two types of ion implantations can be distinguished.
Low fluence ion implantation damages the crystal causing many displacements of the target

atoms but keeps its crystalline character. High fluence implantation will damage the crystal
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Figure 4.6 Transport of ions in matter (TRIM [97]) simulation showing the distribution of defects and

implanted ions as a function of depth. TRIM simulation for 9 keV C* ion implantation in diamond

beyond a critical threshold and thus create an amorphous zone whose extent is determined by
the implantation conditions. The thickness of this amorphous layer is sometimes greater than
the average free path 17, and depends on the mass of the implant ion and its energy. The degree
of amorphization has a great influence on the parameters of the thermal annealing. The most
intuitive measurement of the thickness of the amorphous layer is Rutherforth BackScattering

(RBS) or Transmission Electron Microscopy (TEM).

4.5 Simulation

Several numerical simulation softwares packages are used to calculate the kinetic phenomena
associated with ion energy losses. One of them, SRIM, which has a Disk Operating System
(DOS) accessible version called TRIM, is a set of programs that calculate the stopping range of

an incident ion in a target material (up to 2 GeV / amu (= atomic mass units)). In this program,
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developed by Ziegler and Biersack [97], the material is supposed to be isotropic. Calculations are
performed using a Monte Carlo simulation, which individually follows a large number of ions at
random collisions. An incident ion has a rectilinear trajectory with losses of electronic energies,
then changes direction under the influence of nuclear collisions. When the energy of the ion is
lower than its displacement energy E,, it stops and there is dissipation of energy in the form of

phonons.
This program allows you to calculate various parameters related to the implantation of ions in a

target, among others:

e the spatial distribution of implanted ions (average depth, dispersion, lateral distribution);

e the distributions of electron and nuclear energy losses as a function of depth (these are the

average distributions for an ion, they are expressed in eV/A);

e the distribution of vacancies (displaced atoms) calculated from the modified Kinchin-Pease

model [163].

However, there are some limitations to this program:

e the target does not keep any "memory effect” of one particle on the other: thus, the
distribution of defects and the displacement of the recoil atoms do not take into account

the previous defects calculated.

e the calculation does not take into account any chemical effects that can become significant

when the energy of the incident ion is of the order of an eV at the end of its range.

e the simulation also does not take into account the effects of temperature rise due to

irradiation;
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e this program is better suited to massive targets than to stratified media: a limited number
of layers of different composition can be represented at a time (up to 20 layers for SRIM

2000).

Apart from SRIM, there are other softwares packages which can be used to estimate the location
of the implanted atoms and the displacement of the atoms of the target. The best-performing

simulators use the two-atom collision approximation (Binary collision approximation).

e Marlowe, resulted from the work of Oen and Robinson [164], is able to simulate a very
large number of experimental conditions related to implantation. Its adaptation to the

most advanced problems of microelectronics is called UT-Marlowe [165].

e Silvaco tools have their own BCA program, developed at the University of Surrey by I.R.

Chakarov [166], and provides both dopant and defect profiling.

4.6 Post-implantation thermal annealing

Post-implantation thermal annealing is essential. This allows to electrically activate the impurities
introduced by placing them in substitutional positions, and secondly, it leads to a reduction in

the concentration of defects created during the ion implantation.

Schematically, the ideal annealing process is shown in Figure 4.6.

4.6.1 Isothermal annealing

This annealing process has a duration that is long enough to have a uniform distribution of heat in

the treated material. In this study the samples were isochronally annealed in a preheated graphite
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Figure 4.7 Schematic describing the evolution of the in-depth distribution of defects, implanted

impurities and impurities on substitutional sites [160].

crucible. The samples were maintained at a predefined temperature for a duration of 30 minutes

in an Ar atmosphere.

4.7 Channeling

In the case of a single crystal such as diamond, the atoms are organized regularly and periodically.

A single crystal material therefore has an anisotropic structure in which the crystallographic

orientation can play a very important role in ion implantation. During implantation, the ions that

are confined in these channels will have little interaction with the material and will be implanted

much more deeply. This penetration is more important since the size and mass of the implanted

ion is small. This phenomenon is called " channeling”.

In order to limit this phenomenon, it is possible to tilt the substrate relative to the ion beam

in a configuration where these channels are reduced. This inclination is made by modifying two

angles: The "tilt" angle between the incident beam and the normal surface of the substrate and
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the "twist” angle of rotation of the substrate in its plane as illustrated in figure 4.8. In the case
of a diamond orientation substrate (100), the usual angles used to reduce ion channeling are a
7° tilt and a 27° twist.

Ion beam

(100) Wafer

[O011]

Primary flat

[100]

Figure 4.8 Schematic describing the tilt and twist angles used during the implantation in order to

limit the channeling phenomenon [167].



5. Experimental and characterization

techniques

This chapter describes the experimental techniques used in this thesis and the underlying theo-
retical principles. The first part discusses the sample preparation, the parameter details for the
implantation performed in this study, as well as the post-annealing treatment. The second part
focuses on various structural characterization techniques, the vibrational and optical characteri-
zation methods. The final part concludes with the description of the electrical characterization

techniques.

5.1 Sample preparation

The samples used in this study were single crystal diamonds purchased from Element Six and
were ready for use. Type lla diamond samples had dimensions of 2.7 x 2.7 x 0.3 mm?3 and
~ 4.5 x 4.5 x 0.5 mm?, oriented in a [100] direction. The typical nitrogen concentration for this
batch of samples was given as < 1 ppm. The purchased diamond samples were polished on both

sides and had a polished surface roughness of < 30 nm as specified by the manufacturer.

A Nd-YAG laser was used to make a groove cut (laser mark) near the top corner on one side of
the samples prior to any implantation. This was done as an identification of the implanted side
during the characterization of these samples. After being grooved, the diamond samples were
boiled for 20 min, in an oxidizing acid solution composed of a 3:4:1 mixture of perchloric (HCIO,4
), sulphuric (H2SO, ) and nitric (HNO3 ) acid. This was done in order to etch away the graphite
layer created after the groove cutting and to remove any impurities that may be on the surface

of the samples.

66
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Thereafter, the samples were cleaned with acetone and rinsed with distilled water using an ultra-
sonic bath. An electron microscope was used to examine the surface of the samples in order to

make sure that they were clean and ready for implantation.

5.2 lon implantation

A Varian 200-20A2F ion implanter located at iThemba LABS (Laboratory for Accelerator Based
Sciences) was used to perform the implantations. Figure 5.1 shows an image of the 200-20A2F ion
implanter. The principle and the physics behind ion implantation were discussed in the previous

chapter ( Chapter 4).

Two of the diamond samples were implanted with N-O ions with an energy of 18 keV and a fluence
of 2 x 10'6 ions/cmz. The implants were performed at room temperature with a dose rate of
~ 5x10'% ions/s and an irradiation angle of ~ 7° to the surface normal. A radio frequency (RF)
furnace was preheated to 600 °C and annealing of the samples was done by sliding the diamond
down a quartz tube from ambient temperature into the preheated crucible. The used of 600 °C
is motivated by the fact that it has been reported that 20 min annealing at 600 °C leads to a
complete graphitization of the implanted layer in diamond [168]. After boiling it in an oxidizing
acid solution, the graphitic carbon formed will be etched away and the remaining near surface
layer will comprise a thin damaged diamond structure which is impervious to the oxidizing acid,
and also contain the implanted ion. The annealing took place in an argon environment for 30

min. The setup of the furnace is described further below.

A third sample was implanted with 2 x 106 ions/cm2 carbon ions at 9 keV and annealed in order
to distinguish the features observed in the N-O implanted samples from the implantation damage
using the isochemical ions, which would produce a similar density of damage. The fourth sample

which was not implanted was used as reference before and after annealing. A fifth diamond
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(optical grade, nitrogen concentration not specified) of dimensions ~ 4.5 x 4.5 x 0.5 mm? was
implanted with N and O ions at 9 keV to a fluence of 1 x 10'6 ions/cm”. In this case the diamond
was implanted in two separate runs so that approximately half the surface was irradiated with N
ions while the other half was masked. The N implanted area was subsequently masked and the
other half of the diamond surface was implanted with O ions. The use of 9 keV for the C* , N
and O" ions as an implantation energy was motivated by the fact that the 18 keV used to implant
N-O ions is split into approximately 9 keV for the N and O ions each since their mass difference is
small. The energy of 9 keV for the C, N and O ions would thus create a similar implanted dopant
and damage profile at more or less the same depth as the first sample implanted with N-O ions.
The third, fourth and fifth diamonds were annealed for 30 minutes under argon flow at 600 °C.
All samples that were annealed were cleaned by boiling them in an oxidizing acid solution and

rinsed in deionized water after annealing.

Figure 5.1 Picture of the 200-20A2F ion implanter (iThemba LABS, Gauteng).
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5.3 Radio frequency (RF) furnace

As discussed in section 4.6, the post-implantation thermal annealing treatment is essential since
this activates introduced the impurities by trapping them in electrically active sites in the diamond
crystal, and secondly, it leads to a reduction in the concentration of defects created during the
ion implantation. In this study, a radio frequency (RF) furnace (Easy Heat 10 KW induction

heating system) was used to anneal all the samples.

Electromagnetic induction heating which the RF furnace is based on is one of the electrothermal
techniques used to heat a material without direct contact with a source of electrical energy. It
involves immersing the material to be heated in a variable electromagnetic field over time, and

the energy entering the material is dissipated in the form of heat.

The basic components of an electromagnetic induction heating system are:

A generator (a source of high frequency electrical energy).

e A copper coil inductor to minimize electrical losses.

A work-piece to be heated. It must be electrically conductive. In our case we used a

graphite crucible lined with a quartz boat into which the diamond would be dropped.

A cooling unit to cool the "inductor”.

In a RF furnace, the generator passes a high-frequency alternating current through the inductor,
which generates a very intense and fast changing magnetic field. When the work-piece is placed
in the inductor, the magnetic field induces enormous currents, which are known as eddy currents,
generating precise quantities of clean and localized heat without any physical contact between
the inductor and the heated work-piece [169]. In addition, the high frequency used in induction

heating gives rise to a phenomenon called "skin effect”. This skin effect increases the flow of
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alternating current in a thin layer of the surface of the heated work-piece. Therefore, it greatly
increases the heating effect caused by the current induced in the work-piece. Figure 5.2 shows

an image of RF furnace used in this study.

Figure 5.2 Image of RF furnace used for annealing.

5.4 Surface characterizations

5.4.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is an imaging technique for characterizing the surface mor-
phology of samples. This technique is based on electron-matter interactions. The principle of
operation involves scanning the surface of the sample with a very fine beam of mono energetic

electrons.

Under the influence of the electrons and following the electron-matter interactions, the sample
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emits several types of radiation such as secondary electrons, retro-diffused electrons and X-ray
photons. In the frame of our study, only images formed by the secondary electrons have been
exploited. These are topographic images that represent the surface of the sample, up to very

small scales of the order of a few tens of nanometers.

The SEM system comprises an electron gun for generating electrons by thermoelectric effect from
a tungsten filament heated to high temperatures or by field effect from a very sharp metal tip.
The so-called second optical focusing part makes it possible to focus the emitted electron beam
in order to direct it towards the sample using magnetic lenses. Finally, the scanning system allows
the beam to scan the entire surface of the sample using deflection coils. In order to improve the

clarity and astigmatism, additional collimation coils are placed at the beam output.

The SEM analysis was carried out using a FEI Nova Nanolab 600 FEG-SEM /FIB with an accel-

eration voltage of 10 kV.

5.4.2 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) analysis provides access to the surface chemical compo-
sition of the sample analyzed. This technique was used to quantify the chemical species present

on the surface and the electronic states of diamond.

XPS is a non-destructive surface characterization technique based on the use of the photoelectric
effect discovered in 1887 by H.Hertz [170] and explained by A.Einstein in 1905 [171]. The current
technology of the XPS was developed in the 1950s by K.Siegbahn, which earned him a Nobel
Prize in Physics in 1981 [172].

Measurements of XPS are based on the study of the kinetic energy distribution of photoelectrons
ejected from a sample under the impact of X-rays of known energy hv as illustrated in Figure 5.3.

The variation of the binding energy of photoelectrons as a function of the chemical environment
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of the atoms from which they are derived is at the origin of the main interest of this technique.

XPS is used to determine the electronic structure and the chemical environment of the atoms
present in a sample, but also quantify the components present in the various layers and even
to perform chemical profile reconstructions when the instrument allows access to the angular
information. This characterization technique is adapted to the surface study of the sample since
the average free path of the photoelectrons emitted in the material is very small (i.e. of the order

of one nanometer). Thus, the analysis depth does not exceed 10 nm [173].

@ Ejected Photoelectron
Incident X-ray
/ Free s

XPS spectral lines are

Electron identified by the shell from
Level which the electron was
Fermi gjected (1s, 2s, 2p, etc.).

Level s The ejected photoelectron has

kinetic energy:
KE=hv-BE-®
2p L2L3 s Following this process, the
atom will release energy by
2s L S
the emission of an Auger
Electron.
Is K

Figure 5.3 lllustration of the photoelectric process [174]

X-ray photoelectron spectroscopy is based on the principle of conservation of energy of the

incident photon and is expressed as follows:

hv is the energy of the incident photon with h being the Planck constant and v the frequency
of the incident photon. E. and Ej, are the kinetic energy of the photoelectron and the binding

energy of the considered core level, respectively. ® is the work function.
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Thus, at the spectrometer, the conservation of energy is expressed as follows:

EpL=hv — Eqpes — ®ypec (5.4.2)

E; mes and @, are the kinetic energy of the measured photoelectron and the work function of

the spectrometer.

The work function of the spectrometer and the energy of the incident photons are known param-
eters of the experimental setup. By measuring the kinetic energy of the photoelectrons E s,
it is then possible to determine the binding energy E; of the electronic level from which the
photoelectron originated. Each chemical element generates one or more characteristic peaks on
the XPS spectrum. It is important to note that the binding energy is not a quantity associated
with a single electronic level but it corresponds to the difference between the energy of electrons
from the N non-ionized atom (initial state) and the energy of the N — 1 electrons of the ionized

atom (final state).

The final state of the atom therefore also affects the value of the binding energy:

Ep = Enx_1 (final) — Ey (initial) > 0 (5.4.3)

The XPS spectrum consists of several photoelectron emission peaks, characteristic of the elec-
tronic levels of the elements present in the material. Thus by identifying the energies associated
with each peak, it is possible to determine not only the nature of the atoms present in this

material but also their chemical environment.

The intensity of the XPS peaks is a function of the atomic concentration of the elements present
in the sample and the photoionization cross section (the probability of ionizing an orbital by
irradiation). While the photoionization itself is a function of the atom, the core level considered
as well as the energy of the incident photons [175]. The full width at half maximum (FWHM) of

these peaks depends on the lifetime of the ionized state (Lorentzian type profile) and instrumental
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width (Gaussian type). The spectra are processed by removing the continuous background and

the peaks are adjusted by a function containing a Gaussian component.

5.4.2.1 Deconvolution of XPS spectra

The deconvolution of XPS spectra allow the detection of the presence of carbon, oxygen and

nitrogen (Cls, Ols and N1s) on the surface of CVD diamond sample.

The main peaks may have different chemical components and spin multiplets. The energy of the
photoelectrons Ej, is sensitive to the chemical environment of the excited atoms. It depends on
the ability of the peripheral electrons to screen the positive charge created by the emission of
the photoelectron. In particular, the extra-atomic relaxation due to the electrons of the valence
and conduction bands contributes significantly to the chemical shift (depending on the electron
density and the polarizability of the bonds). The main components present in an XPS spectrum

of a CVD diamond are discussed below:

5.4.2.1.1 Carbon The XPS spectra of the carbon layers provide two types of information:

e the nature and proportion of the elements present in the layer;

e the state of hybridization of the carbon atoms.

In the literature, the study of the position of the carbon 1s peak (noted peak Cls) allows to
measure the proportion of sp? and sp?® hybridization in the sample. In general, the deconvolution
takes place in two main components: one corresponding to the sp? bond, while the second
corresponds to the sp® bond. The ratio of their respective surfaces gives the proportion of
hybridizations in the layer. However, the interpretation of the Cls spectra is very complex due
to the proximity of the binding energies of the bonding configurations. Therefore, this requires

fairly accurate measuring equipment, with good resolution, in order to distinguish significantly
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these different forms. This explains the diversity of results found in the literature where the

interpretation of these peaks does not always converge.

The peak position corresponding to sp® carbons of the diamond matrix can vary from 283.8 eV
to 284.8 eV according to references [176-178]. The component attributed to graphite-type sp?
bonds can be observed with a negative displacement of 0.8 eV to 1.3 eV relative to the sp* carbon

bonds of diamond [179-182].

Merel et al. [183] conducted a comparative study between natural diamond, graphite and amor-
phous carbon (Diamond Like Carbon (DLC)) which the results are presented in Figure 5.4). The
deconvolution of the Cls peak for DLC films shown in Figure 5.4 was used to estimate the pro-
portion of sp? and sp? carbon. They associated the binding energy at 284.4 eV with the sp? bond
of the C = C type of graphite and the energy located at 285.2 eV with the C-C type sp® bond
of diamond. The same results were found by Wilson et al. [184] for boron-doped polycrystalline

diamond deposits.

In their investigation on in-situ detection of dopamine using nitrogen incorporated diamond
nanowire electrode, Shalini et al. [185], after performing the deconvolution of their Cls spec-
tra, attributed peaks at 285.9 and 286.7 eV to sp2-hybridization bonding structures of C atoms
bonded to N atoms (sp?> C=N) and sp>-hybridization bonding structures of C atoms bonded to

N atoms (sp® C-N), respectively.

5.4.2.1.2 Oxygen The study of diamond O1s spectra is less common in the literature com-
pared to the Cls spectra. In general, deconvolution of the oxygen Ols spectrum allows to identify
three components. One at 531,4 eV attributed to the C-O bond, another at 532.5 eV attributed
to the C-OH bond and a third at 533,3 eV, which is attributed either to the characteristic of the
molecule of water (H30) absorbed on the surface, or to C-O-C [186, 187].
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Figure 5.4 (a) Evolution of the binding energies of the 1s carbon peak for graphite, PECVD diamond
film and DLC films obtained at different laser intensities,(b) XPS deconvolution of carbon peak Cls of
a DLC film deposited a 7.1 x 10® and 0.9 x 108 W - cm~2 [183]

5.4.2.1.3 Nitrogen Generally, we note the appearance of peaks in some spectra in the energy
field where they can be related to nitrogen. These peaks appear around 397 €V and in the vicinity

of 407 eV. The different bonds and their bindings energies are summarized in Table 5.1:
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Table 5.1 Binding energy of the 1s peak of nitrogen for different bonds.

Chemical environment | Binding energy (eV) | Reference

N-C 399-400 [173]

N-C 398 [188]

-C=N 398.2 [189]

N=C 400 [190]

N=N 400 [191]

N-O (NO.) 402 [190]

N-O (NO3) 407 [173]

5.4.2.2 Instrument

The device used in this thesis is a PHI 5000 Scanning ESCA Microprobe, equipped with a

monochromatic Al Ko (1486.6 eV) X-ray source generated by a 25 W, 15 kV electron beam with

a pass energy of 11 eV and a resolution of less than 0.5 eV. The emitted photoelectrons are

detected at an angle of 90° and then analyzed to obtain an XPS spectrum. A low energy Art

ion gun and low energy neutralizer electron gun are utilized to reduce charging on the surface. It

avoids the effects of differential loads related to the low conductive nature of our samples. The

spectra are then processed using the Multipack version 9 software and the chemical compounds

and their electronic states are derived using Gaussian-Lorentz fits.
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5.5 Optical spectroscopy

Optical spectroscopy is the analysis of electromagnetic radiation emitted, absorbed or scattered
by atoms or molecules. It provides information on the identity, structure and energetic levels
of atoms and molecules due to the interaction of electromagnetic radiation with matter. When
a sample is irradiated by electromagnetic radiation, some of the radiation passes through the
sample (transmitted), a part of the incident radiation is absorbed by the sample, depending on
the quantity and nature of the material; and a part is scattered (elastically or inelastically). The
intensity of the part of the absorbed light is much greater than the scattering part. As molecules
or atoms have quantified energy states, the atoms within the sample can only absorb or emit light
when it makes a transition from one quantum mechanical state to another as shown in Figure
5.5. Consequently, the quantum states can now be probed from the wavelength of the light that
has been absorbed or emitted, since this wavelength is directly related to the energy difference

between these two quantum states.

absorption emission
A exicted states
3 -
>
=)
Q
= AE=h AE=h
=nv =nv
hv hy
- ground state X,

Figure 5.5 Diagrammatic illustration of absorption and emission of a photon by an atom or a

molecule.
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5.5.1 Raman spectroscopy

The Raman effect, on which Raman spectroscopy is based, consists of measuring a frequency
shift of the light scattered by a sample subjected to monochromatic illumination. The advantages
of this technique are that it is applicable to all samples regardless of its form (liquid, solid or
gas), it is possible to work with small samples and no prior sample preparation is required. In the
case of diamond, Raman spectroscopy provides reliable information on the crystalline quality of
the samples by giving the state of stress of the material, its purity, the presence of impurities or

graphitic phases.

5.5.1.1 Principle

The Raman effect is a physical phenomenon of scattering of monochromatic radiation by mono
or polyatomic molecules causing a shift from the source radiation which is in the visible part
of the electromagnetic spectrum. The difference in frequency between the incident photon and
the scattered photon corresponds to a vibrational transition, and is characteristic of the chemical

nature of the excited molecule and by extension of the analyzed material.

Under the effect of the excitation photons, the molecule scatters light which is composed of two
types of radiation. Firstly, Rayleigh scattering which is an elastic scattering of the incident light.
This involves a simple change in the direction of propagation of the light. The frequency of the

scattered light is then equal to that of the incident light.

The other radiation is that of inelastically scattered light called Raman scattering. It corresponds
to energy exchange between radiation and matter that induces a modification of the frequency.
The Raman scattering represents a much smaller fraction of light compared to that of the Rayleigh

scattering.

In the Raman scattering process, matter can either receive or yield energy to photons. Therefore,
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the radiations can be shifted towards low frequencies or towards high frequencies. The set of
scattered radiations forms the Raman spectrum of the sample. This consists of two symmetrical
parts of both sides of the laser excitation frequency. They are called "Stokes Raman” (low
frequencies) and " anti-Stokes Raman"( high frequencies). It should be noted that the intensity
of the Stokes lines is greater (~ by a factor of 1000) than those of the anti-stokes lines [192].
Raman spectra are therefore generally studied in the Stokes line region and they are obtained by

measuring the intensity of the Raman scattering as a function of the wavelength.

From a classical point of view, electromagnetic radiation of frequency v, contains a sinusoidal
magnetic field and perpendicular electric field E of the same frequency. This radiation can be
coupled with any molecular movement involving a change in the state of electrical polarization of
the molecule under consideration. This occurs when the frequency of the electromagnetic wave
is different from the molecular vibration frequency. This concept of polarizability, which reflects
the ability of the electron cloud to acquire an induced dipole moment is the basis of the Raman
effect. In other words, the polarizability reflects the variation of the molecular vibration, i.e the
oscillation induced dipoles. When a molecule is subjected to an electric field E, its electron cloud
and nuclei will be polarized, which will result in an induced dipole moment P, defined by the

following expression:

P=aE (5.5.1)

where E is the magnitude of the electric field of the incident electromagnetic wave oscillating at

frequency v. The strength of the electric field E of the incoming radiation is given by :

E = E, cos (2mvt) (5.5.2)

The expression of the induced dipole moment can now be written as follows:
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P = aE, cos (2mvt) (5.5.3)

The quantity « is the polarizability of the molecule and it is nothing more than the response
of a medium to the applied electric field. It varies according to the inter-atomic distances. In
particular, variations in polarizability associated with a natural vibration mode (phonon) can be

written in terms of a Taylor expansion of the amplitude of vibration of the atoms as follow:

da 1 (P« 5
a = Q, + (%)U:vo v+ 5 (%)U:UO (R S (554)

where v is the displacement of the atoms with respect to their equilibrium position v, at a

frequency ®, and it is given by:

v = v, cos (27 Dt) (5.5.5)

The substitution of equations 5.5.5 and 5.5.4 into 5.5.3 yields:

P= {ao + (g_a) Vo COS (27r<I>t)] E, cos (2muvt)
v
ve 5 (5.5.6)
= .k, cos (2nvt) + (8_04) v, cos (2mPt) E, cos (2mvt)
v

Vo

Using the trigonometric identity: cosacosb = 3 [cos (a — b) + cos (a + b)], equation 5.5.6 be-

comes

[cos 2T (v — @)t + cos 27 (v + D) 1] (5.5.7)

0 oFs
P = a.E, cos (2mvt) + ( a) =

o 9
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The expression of polarizability in equation 5.5.7 is fundamental in the classical approach. It
shows the three frequency domains in which the scattered light is distributed. The first term on
the right hand side of equation 5.5.7 represents the part of the light which is scattered at the

same frequency (elastic scattering) as the incident light called Rayleigh scattering.

The second term represents an oscillating dipole corresponding to the emission of photons of
frequencies v — ® and v + ® by creation or absorption of a phonon frequency of ®. This is the
first order Raman scattering. The photons of frequencies v — ® and v + ® are called Stokes and

anti-Stokes, respectively.

It should noted that the term g—g in equation 5.5.7 must be non-zero. This condition is neces-
sary for Raman scattering. It physically means that the vibrational displacement of the atoms

corresponding to a particular vibrational mode lead to a change of polarizability.

The Raman spectrum contains various information. Each line or band can be characterized by its
intensity and full width at half maximum. The intensity depends in particular on the density of
elements and the Raman scattering cross-section of the studied structure. Since cross-sections
vary between the different structures, direct comparisons of the intensities are not possible.
The full width at half maximum provides information on the internal crystalline disorder in the
structure. The position of the line or band in the spectrum is related to the natural frequency of

a mode of vibration.

In the case of diamond, the desired structure is the sp® phase which is characterized by a wave
number of 1332 cm™!. The graphitic phase, or sp?, is characterized by two components. Com-

ponent D at about 1370 cm~! corresponds to the expansion of the rings of sp? carbons. The G

1

component located at ~ 1570cm~" is due to vibration of sp? carbon bond.

The peak at 1332 cm™! is the first order Raman of the diamond. This line corresponds to a Ty,

symmetry vibration mode of the Oy, group [193] with a full width at half height of 1.5 cm™!.

This band is allocated to LO = TO mode, where the longitudinal optical vibrations (LO) and
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Figure 5.6 Typical Raman spectrum of diamond excited at 228.9 nm at room temperature showing

first, second and third order Raman peaks [106].

transverse optical (TO) of the network are degenerate (have the same energy) due to the high

symmetry of the diamond lattice [194].

5.5.1.2 Instrument

The analysis of our samples was performed at the Microscopy and Microanalysis Unit, University
of the Witwatersrand. A Jobin Yvon T64000 spectrometer was used for Raman and photolumi-
nescence measurements. This device allows the analysis of a point area (1 micron) by focusing
the laser beam and facilitates the visual inspection of the impact of the laser at the sample level.

This device is characterized by high speed data acquisition, high resolution and high sensitivity.
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5.5.1.2.1 Spectrometer: The Jobin Yvon T64000 spectrometer consists of two stages:
a pre-monochromator stage and a spectrograph stage as illustrated in Figure 5.7. The pre-
monochromator stage has two monochromators with 1800 lines/mm gratings mounted in sub-
tractive configuration. Its role is that of a filter for incident excitation. The spectrograph stage
is a simple monochromator with a 600 lines/mm or 1800 lines/mm. Signal detection is provided

by a CCD camera.

The spectrograph operating principle is to record a spectrum range by range. The light entering
the spectrograph stage is dispersed by the grating onto the CCD. For each grating position
a spectral range whose width depends on the energy of the scattered light and the grating
used is recorded at the same time. This instrument is particularly well suited for weak signal
measurements. In the case of intense signals its great advantage is the time saving in the
acquisition of a spectrum. This instrument has different possibilities: It can be used in triple
or single monochromator configuration according to the required experimental conditions. All
measurements are performed under a microscope. The device is equipped with confocal optics
that allows measurements on small samples and increased spatial, lateral and depth resolution.

It is possible to limit the depth of the analysis area to less than 1 micron for transparent samples.

5.56.1.2.2 Exciting laser source: An argon laser as well as a ultra-violet lase were used as
excitation source. The 514.5 and 458 nm excitation wavelength of the argon laser were used for
Raman and photoluminescence measurements. The UV laser excitation line at 244 nm was also
used for photoluminescence measurements. The incident laser beam is focused onto the sample
using a BX40 Olympus microscope (several objectives were available, with magnification factors

of 20x, 50x and 100x), thus allowing measurement to be performed on small samples.
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Figure 5.7 Optical path diagram showing the light path permutations of the Jobin-Yvon T64000
model spectrometer (T64000 User manual October 2009)

5.5.2 Absorption spectroscopy

Absorption spectroscopy is a non-destructive analysis technique which consists of measuring the
intensity of the radiation coming from a light source, passing through a medium, and is atten-
uated when its wavelength coincides with that of a transition between two energy levels of one
of the constituents of the probed medium. This technique is based on the Beer-Lambert law
which establishes a proportionality relation between the absorption of a monochromatic light in
a homogeneous and isotropic medium, the beam path length, and the concentration of a species

according to the expression:

A =log (%) =eCl (5.5.8)

where A is called absorbance and describes the decrease in the transmitted light. I, and [ are
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respectively the incoming intensity of light and light intensity after passing through the sample.
[, € and C are the beam path length, the molar attenuation coefficient and the concentration of

a species, respectively.

I, I
— Absorbing sample —

«~—— Path length (I) ——

Figure 5.8 Diagrammatic illustration of principle of absorption methods.

In practice, radiation in the near-UV, visible and near-infrared range, which corresponds to the
wavelength interval between 180 and 1000 nm is used to irradiate the sample. The intensities of
the incident light I, and the transmitted light I are measured. Thereafter, the amount of the
light that has been absorbed by the sample can be determined by using the Beer-Lambert law
(equation 5.5.8).

In this study a Varian Cary 500 UV-Vis-NIR spectrophotometer was used to carry out room
temperature measurements of diamond samples in the range of 200 to 800 nm. This spectropho-
tometer uses two different light sources: a deuterium lamp is used for emitting UV light while a
tungsten filament lamp is used for the visible region. In addition, two detectors (PMT R928 and

PbS detector) were used to record the signal according to the spectral range analyzed.

Figure 5.9 shows the components and the light path in the spectrophotometer. Light emitted by
either deuterium lamp or tungsten filament goes through a filter in order to limit the noise signal
before being focused onto a beam splitter inside the modulator. Two beams previously divided
by the beam splitter emerge from the modulator. The first beam is passed through the reference
cell while the second one is passed through the diamond sample. Both signals are then recorded
by two photomultiplier tubes, and transferred to a computer where the amount of the light that

has been absorbed by the sample can be calculated using the Beer-Lambert law.
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Figure 5.9 lllustration of a dual-beam UV-vis spectrophotometer.

5.5.3 Fourier-transform infrared spectroscopy

Infrared spectroscopy (IR) is one of the most widely used spectroscopic tools for the character-
ization of molecules. This technique studies the vibrations of a molecule when irradiated by an
electromagnetic wave in the infrared range (about 0.8 um to 1000 um). The range of wave
numbers generally used is 4000 to 400 cm~! (wavelengths from 2.5 ym to 25 um), since most

of the molecules have their vibrational energies in this region.

The underlying principles of IR spectroscopy are very close to those governing UV-visible spec-
troscopy. The difference comes from the energy levels required by this technique, which are the
molecular vibration energies. When changing the vibrational level, an electromagnetic wave can
be absorbed (or emitted) only if there is simultaneously a change in the electric dipole moment.
This technique involves forced the vibrations of the atoms of the material studied by causing

a change in their dipole moments. Absorption described above can only be done for incident
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photons having a frequency close to the vibration frequency of the studied system. In the case
of intrinsic diamond, single-photon absorption is not allowed in contrast to two- or three-photon
absorption. When an impurity is incorporated, the resonance frequency is then changed and
it is possible knowing the resonant frequency to identify the nature of the chemical bond. By

measuring the absorbance it is possible to trace the concentration of this defect.

5.5.3.1 IR spectra of diamond

The infrared region is of great importance in the study of diamond since diamonds exhibit signifi-
cant absorption features in this particular region of electromagnetic spectrum. The IR absorption
spectra of diamonds are usually subdivide in to three regions, namely: one, two and three phonon
absorptions [195]. One phonon absorption is confined between 400 cm~! and 1500 cm~!. This
region contains most of the absorption features related to nitrogen impurities. It is therefore used
as a tool for identification of different types of diamonds [196]. Since the presence or absence
of absorption features in this region indicates that the diamond samples belongs to either type |
or Il. The two phonon absorption region is confined between 1500 cm~! and 2600 cm~!. This
region is characterized by the intrinsic diamond features, which is the fingerprint of diamond
in the infrared region. The three phonon region contains some intrinsic diamond features and
major features related to boron. Typical IR absorption spectra of all the types diamond films are

presented in figure 5.10.

5.5.3.2 FTIR spectrometer

The IR spectra presented in this thesis were obtained using a Bruker tensor 27 Fourier transform
spectrometer. A Fourier transform infrared spectrometer is based on the principle of light inter-
ference that modulates the amplitude of a signal as a function of the path difference between

two interfering sources. An interferometer records the intensity of the light captured by the de-
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Figure 5.10 Typical IR absorption spectra of different types of diamond films. (a) Type la and Ib
diamonds samples, showing nitrogen related features. (b) Type Ila and IIb diamond samples, showing

boron related features. Image courtesy: Magilabs Oy [196].

tector as a function of the path difference generated by the motion of a moving mirror. The
measurement of the minimal displacement of this mirror is carried out by means of a laser beam
which follows the same path as the infrared ray as shown in Figure 5.11. However, at this level,
the interferogram refers to the position of the movable mirror and not to the wavelength that
is of interest. The light from the IR source is directed through a beam splitter, which will split
the incoming beam in equally two parts. The first half of the beam will be going to the fixed
mirror and the other half to the moving mirror. From these mirrors, the IR light will reflect and
recombine before reaching the detector. All the infrared frequencies travel at the same time in
the interferometer and the rapid short-distance movements of the mirror allow the simultaneous

formation of the entire infrared spectrum.
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Figure 5.11 Schematic diagram of an FTIR spectrometer

The infrared beam from an HeNe laser source is directed to the Michelson interferometer which
will modulate each wavelength of the beam at a different frequency. In the interferometer, the
light beam will hit the beam splitter. Half of the beam is then directed to the fixed mirror while
the remainder passes through the beam splitter and is directed to the mobile mirror. When the
two beams recombine, destructive or constructive interferences appear depending on the position
of the moving mirror. The modulated beam is then reflected from the two mirrors towards the

sample, where absorptions occur. The beam then arrives on the detector to be transformed into
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an electrical signal.

5.5.4 Photoluminescence spectroscopy

Photoluminescence spectroscopy is a technique that characterizes the intrinsic physical properties
of semiconductor materials and also the quality of the latter by the study of defects and impurities

that may exist in the band gap.

This technique is very similar to absorption spectroscopy, but here instead of considering the
amount of light which is absorbed by the sample, the light emitted by atoms during their decay

processes from excited states to their ground states is measured.

When excited atoms or molecules return to their initial states, they emit photons at particular
wavelengths. The intensities and the associated wavelengths of the emitted light are related
to donor-acceptor pair recombination processes, or other recombination mechanisms of energy

states within the band gap. Indeed, the de-excitation of atoms can occur in many forms:

e non-radiative transitions with production of a large number of phonons (lattice vibrations)
which causes local heating of the sample. These transitions cannot be observed in photo-

luminescence because no luminescence is produced.

e Band to band radiative transitions, with or without emission of phonons, depending on
whether that semiconductor has a direct or indirect band gap. This causes the emission of

a photon of energy hv or less than the band gap energy F,.

e Radiative transitions via donor and/or acceptor levels (intermediate levels in the band gap

due to structural defects or impurities).

e Excitonic radiative transitions.
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Figure 5.12 Different recombination processes in a semiconductor.

Figure 5.12 shows different recombination processes in a semiconductor.

Indeed, among the electron-hole pairs created in the semiconductor, some are likely to have their
electrons and holes interact via the Coulomb interaction leading to the formation of a new state:
the exciton. This electrostatic attraction between the hole (4+q) and the electron (-q) lowers the
energy of the pair through the formation of a bound state. The binding energy of this state will be
denoted E,. It is 80 meV in the case of diamond [197]. The free exciton in diamond is therefore
stable at room temperature unlike for most semiconductors. In a doped semiconductor, excitons
can also be localized around donors and neutral acceptors of the material. In that case they are
called bound excitons. The localization energy Fj is defined as the binding energy between the

impurity and the free exciton.

In an indirect band gap semiconductor such as diamond, the emission of a photon (providing
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almost all of the energy) must be accompanied by the production of a phonon of energy fw and
momentum hk so that the conservation of the wave vector is ensured. The radiative recombina-

tions are therefore primarily with phonon emission as shown in Figure 5.13.

In diamond, the photon energies emitted during the radiative transitions considered are as follows:

e Band-band recombination: hv = E;, — Iw,
e Recombination of free excitons: hv = £, — hw — E,,
e Recombination of bound excitons: hv = F;, — hw — E, — E,,

Conduction band
Conduction band

A
electrons electrons
MWW 1o

Eg E,

__________ y holes l

/ /\ " holes

e
k=0 » k=0
Valence band Valence band

(a) (b)

Figure 5.13 Photoluminescence scheme of (a) direct band gap semiconductor ,(b) an indirect band

gap semiconductor. (Shaded areas indicate states that are occupied by electrons) [198].

The introduction of an impurity breaks the symmetry of the crystal. It also allows radiative

recombinations without phonons.
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There are many possibilities for radiative recombinations in diamond and several have been listed
[106]. These recombinations compete with the excitonic recombinations and reduce their relative

intensities [199, 200].

Instrument

For this study, a Horiba-Jobin-Yvon T64000 model spectrometer was used to perform the photolu-
minescence measurements. Details of this system are given in section 5.5.1.2. The measurements
were recorded at room and liquid nitrogen (77K) temperatures using three different excitation

wavelengths (244, 446 and 514.5 nm) from a frequency doubled Lexel argon ion laser.

5.5.5 Cathodoluminescence

Cathodoluminescence (CL) is by definition the luminescence induced by the interaction of an
electron beam with the sample [106]. When a material is subjected to the energy of an incident
electron beam, the electrons are slowed down by interactions with the electrons of the material.

The electron-matter interaction then causes ejection of the following:
e secondary electrons, valence or conduction electrons due to ionization of deep levels; they
are useful in the formation of topographical contrasts

e backscattered electrons depending on the atom that produced them; they are useful for the

formation of chemical contrasts

e Auger electrons, outer shell electrons emitted by the de-excitation of electrons from inner

shells

e X-ray photons also from electronic transitions involving the outer and inner shell
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e visible, infrared or UV photons which are the source of the cathodoluminescence.

These photons can be emitted during the electronic transition between two states. Depending on
the nature of these states, the luminescence will be either intrinsic (band to band) or extrinsic if

the transition involves at least one localized state and is a characteristic of an impurity or defect.

Instrument

An Oxford MonoCL4 system attached to a JEOL JSM-7800F field emission scanning electron
microscope was used for carrying out the cathodoluminescence measurements. The acceleration
voltage was set at 10 kV for all the measurements. Exposure times for collecting data varied from
20-250 seconds depending on the intensity of CL obtained. The power supply voltage on the
photomultiplier tube (PMT) was set at 1000 V for certain measurements. But we were obliged
to change it to 700 V and 860 V for other measurements depending on the spectrum intensities

obtained.



6. Results

This chapter entails results from different experimental analyses used to characterize the defect
levels that arise from the implantation of nitrogen and oxygen into a diamond lattice. The Stop-
ping and Range of lons in Matter (SRIM) was used to predict the damage caused by implantation
and the distribution profile of the implanted N-O ions. The chapter further goes on to look at the
morphology of the sample surfaces before and after implantation and subsequent annealing using
SEM analysis. The electronic states and surface chemical composition determined by XPS anal-
ysis are also presented. Raman spectroscopy (RS) analysis was used to determine the crystalline
quality and to study the effects of implantation on the crystal structure. The recrystallization
of these diamonds by heat treatment was investigated by RS. Room and nitrogen liquid tem-
perature photoluminescence and cathodoluminescence measurements using different excitation

sources allowed the identification of several defects present in the samples.

6.1 Simulation of damage caused by ion implantation

Simulations were done using the Stopping and Range of lons in Matter (SRIM), to evaluate the
damage created near the surface of the diamond samples during the implantation and to estimate

the penetration depth of the implanted ions into the samples.

Figure 6.1 shows the SRIM simulation of N-O ion implantation into diamond. The calculations
were done using the full damage cascade mode with a sample density of 3.52g/cm3, an irradiation
angle of 7° to the surface normal to the sample, and an acceleration energy of 9 keV for both
N and O ions. The choice of 9 keV as the energy used in the simulation for both N and O
ions was motivated by the fact that N-O ions were implanted at 18 keV. The N-O ions split when

they enter the diamond and the N™ and O ions then have approximately 9 keV. An implant

96
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Figure 6.1 SRIM simulation showing the damage and N-O ion distribution profiles in diamond
irradiated with 9 keV N and O ions. The damage peak is estimated at a depth of 8 nm while the
ion distribution peak is approximately 13.2 nm from the sample surface. For a fluence of

023 vac/cm® at the surface of the

1 % 10%6 jons/cm? the simulated vacancy density is ~ 2.4 x 1
diamond and this far exceeds the critical simulated damage density (amorphization threshold) of

5—9 x 1022 vac/cm®.
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consisting of the isochemical species at 9 KeV was performed for control purposes.

In this study the implantation fluence and energy was deliberately chosen so that the TRIM
damage distribution lies close to the surface. In previous studies for keV irradiation (50-200 keV)
it has been shown in transmission electron microscopy (TEM) studies that when a simulated
TRIM vacancy density of ~ 5 — 9 x 10?2 vac/cm® is exceeded, then the diamond structure
collapses upon annealing and an amorphous graphitic layer was formed [98, 201]. After boiling
the diamond in an oxidizing acid solution it was observed that most of the graphitic carbon was
removed and the remaining near surface layer comprise a thin damaged diamond structure which is
impervious to the oxidizing acid, and also contain the implanted ion [202]. In our study this could
be defects or defect complexes related to N-O, O, N and C ions. Based on the simulation made,
the thickness of this layer is estimated to be 7 nm and it contains a density of N-O ions of about

3.7 x 10?! ions/cm®, which is about 2.1 % of the atomic density of diamond (1.77 x 10%* cm~3).

A summary of the diamonds and their implantation parameters is given in Table 6.1
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Table 6.1 Implantations parameter
lon energy | Fluence
Sample Implanted lon
(keV) (ions/cm?)
Sample 1
P N-O 18 2 x 106
(N-O implanted sample)
Sample 2
P N-O 18 2 x 106
(N-O implanted and annealed)
Sample 3
P C 9 2 % 1016
(Carbon implanted and annealed)
Sample 4
(Unimplanted and annealed)
Sample 5 Half (top): N* 9 1 x 10
(O implanted and N implanted and annealed) | Half (bottom): O 9 1 x 10

6.2 Surface morphology

A FEI Nova Nanolab 600 FEG-SEM with an acceleration voltage of 10 kV was used to characterize

the surface morphology of the diamond samples under investigation. Figure 6.2 represents the

SEM images showing the morphology of the surface of the unimplanted sample, N-O implanted

sample, annealed carbon implanted sample and annealed N-O implanted sample.
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Figure 6.2 SEM images of (a) the unimplanted sample, (b) N-O implanted sample, (c) annealed

carbon implanted sample and (d) N-O implanted and annealed sample.

A degradation of the diamond surface is observed on the implanted samples regardless of the ions
used. This degradation is characterized by the appearance of "notches” on the sample surface.
The appearance of these "notches” are caused by the high fluence used during the implantation
and they are more visible on the annealed samples as show in Figures 6.2c and 6.2d. The surface
of the unimplanted sample is smooth as there is no "notches” on its surface. However, one can
observed some dust on the surface of this sample. Beside that, no noticeable difference are seen

on these samples.
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6.3 XPS analysis

Chemical analysis by X-ray photoelectron spectroscopy has been an extremely valuable tool in
the work presented in this thesis. It allowed for the quantification of the chemical species, and

especially to identify the nature of the bonds present on the surface of the diamond samples.

An Al X-beam of 25 W and 15 kV with a pass energy of 187 eV (1 eV/step) was used for
acquisition of the wide-scan spectra (survey scans) with a resolution of 1 eV. The high resolution
scan for the spectra of carbon, oxygen and nitrogen were recorded in the vicinity of the energy
corresponding to each element in steps of 0.05 eV, with a resolution of 0.5 eV. The detection
limit is estimated at less than 0.1 % atomic. The analysis was carried out in a vacuum of the
order of 2.3 x 107 Torr. The XPS spectra were recorded before and after a slight argon etching
of 1 min. This was done to overcome the surface contamination. The charge shift of all the

spectra were corrected by referencing to the adventitious carbon Cls peak at 284.8 eV.

6.3.1 Analysis of survey spectrum

Figure 6.3 shows the wide-scan survey spectra obtained for each sample (unimplanted, N-O
implanted sample, annealed N-O implanted sample) before and after argon sputtering recorded
over a binding energy range of 0 to 1400 eV. These spectra are reproducible, both in intensity

and in relative weight.

The analysis of the wide-scan survey spectra before sputtering mainly revealed the presence of
carbon, oxygen, nitrogen and smaller proportions of calcium and silicon on the surface on these
samples. The quantifications (ratio of the areas in atomic percentage) of each detected chemical

species before and after sputtering are given in Table 6.2.

The detected carbon comes from the diamond and also from the carbon contamination which is
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Figure 6.3 Wide-scan survey XPS of (a) unimplanted sample, (b) N-O implanted sample and (c) N-O

implanted and annealed sample before (blue) and after (red) sputtering.
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always present on the surface. This represents one of the major problems of the XPS analysis of the
diamond. The higher oxygen value obtained on these samples (close to 10% on the unimplanted
and annealed N-O implanted, and 20% on the N-O unannealed sample) comes also from the
residual oxygen that is attached to the sample surface before Ar ion cleaning air contaminant.
After sputtering the concentration of oxygen decreases on the N-O implanted sample and almost

disappears on the unimplanted sample.

In addition, traces of calcium and silicon atoms disappeared after argon sputtering. This indicated

the presence of these impurities as contamination on the surface and not in the bulk of the samples.

It is also observed that there is an appearance of argon atoms after sputtering. Peaks correspond-

ing to Auger KLL electrons of carbon and oxygen are also observed.

The analysis of the wide-scan survey spectra revealed that the samples under investigation did
not contain any other chemical impurities apart from nitrogen and oxygen which were implanted
(considering that the nitrogen concentration provided from the supplier for these samples was
less than 1 ppm). However, the wide-scan spectral analysis alone does not provide accurate
information on the surface chemistry of the investigated diamond films. High resolution peak
analysis is needed and gives more precise information about the chemical environment of each
element. Thus, the decomposition of the peak Cls, Ols and N1s provided better information on

the different chemical bonds present on the sample surfaces.

6.3.2 XPS high resolution spectra

The characterization of XPS high resolution spectra generated on the diamond surface is based
on the deconvolution of the peaks associated with nitrogen, oxygen and carbon. The study of
these elements allows us to extract information on the nature of the chemical bonds of the species

detected as well as the structure of the films.
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Table 6.2 Atomic concentrations of elements on the surface of the samples before and after sputtering

Atomic concentrations

Atomic concentrations

Samples before sputtering after sputtering
(%) (%)
Cls: 90.4 Cls: 973
Unimplanted
Ols: 9.30 Ols: <0.1
N1s : 0.30 N1s: 0.8
sample
- Ar2p : 1.8
Cls: 74 Cls: 92
Ols: 20 Ols: 3.0
N-O implanted
N1s: 3.0 N1ls: 3.7
Sample
Si2p: 1.3 Ar2p : 1.3
Ca2p: 1.3 -
Cls: 86.2 Cls: 98.3
N-O implanted and Ols: 9.4 Ols: <0.1
annealed sample N1s: 3.2 N1s : <0.1
Si2p: 1.2 Ar2p : 1.7
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6.3.2.1 Carbon Cls

XPS analysis of the core level Cls recorded on the surface of the samples under investigation
before argon sputtering are shown in Figure 6.4. These spectra were recorded at high resolution.
The first observation that can be seen is the similarity of Cls peaks of the unimplanted and
annealed N-O implanted samples. Their spectra look the same and they are almost symmetric,

unlike the N-O implanted sample which had an asymmetrical shape.

Based on previous analysis performed on CVD implanted diamond samples and considering the
shape of the spectra, these peaks were deconvoluted into four elementary components namely
C1, C2, C3 and C4. The binding energies and full width at half maximum of each component

are given in Table 6.3.

In each sample, the spectra shows the presence of a principal peak named C2 located around
284.84 eV. This peak unambiguously corresponds to the sp® hybridization of carbon in the dia-

mond phase. This value is in agreement with the results found in literature [203-205].

The peak named C1 corresponds to sp? hybridized carbon-carbon (C=C) bonds. The position of
the C1 varies with sample, as it is located at 283.8 eV for unimplanted and N-O implanted and
annealed samples, while it is shifted to 284.46 eV for the N-O as-implanted sample (unannealed).
All these sp? values are in agreement with literature, since it has been found that the component
attributed to graphitic sp? bonds can be observed with a negative displacement of 0.8 eV to 1.3
eV relative to the diamond matrix (sp® C-C) [179-181].

The third component C3 peak is located at 285.5 eV for the unimplanted and N-O implanted and
annealed samples, while it is centering at 285.9 eV in the N-O implanted sample (unannealed).
This peak is attributed to the hybridization of sp? bonding structures of C atoms bonded to N
atoms (C=N) [185,204,206]. The last component of the core level C1ls named C4, is related to

carbon-oxygen bonds. This peak is located between 286 eV and 290 eV. The presence of these
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Table 6.3 Characteristics of the Cls peak components for the samples under investigation recorded

before argon etched

Peak | FWHM | Ratio

Samples Components
(eV) | (eV) | (%)
C1 283.71 0.93 8.28

Unimplanted
C2 284.79 0.85 82.23
C3 285.65 0.83 8.11
sample

C4 286.76 0.95 1.38
C1 284.46 1.37 23.59
N-O implanted C2 284.87 1.44 43.79
Sample C3 286.03 1.91 21.99
C4 288.36 1.84 10.72
C1 283.8 0.93 11.5
N-O implanted and C2 284.82 0.84 80.14
annealed sample C3 285.65 0.83 7.08
C4 286.76 0.95 1.28

components linked to C-O bonds is consistent with the presence of the Ols peak around 533
eV [203,206]. The C4 peak for the unimplanted and N-O implanted and annealed samples is
located at 286.7 eV and shifts to 288.4 eV in the as-implanted N-O sample. It is much broader

in this sample compared to the others samples.

Figure 6.5 represents the high resolution spectra of the Cls core level of the samples under

investigation, recorded after cleaning the samples by argon etching for 1 min.

As expected, Ca and Si, which were present on the surface of the samples disappeared from the
survey scan after the etching. However, a profound change is observed in the binding energy and

the shape of the Cls peak. Argon ion etching caused a broadening of the carbon peaks due to
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Figure 6.4 High resolution XPS spectra on Cls for (a) unimplanted sample, (b) N-O implanted
sample and (c) N-O implanted and annealed sample recorded before the removal of air contaminant by

argon etching.
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surface rearrangement by the bombardment. This effect has been discussed in several studies
where modification was noticed on the surface of the layer after the removal of impurities by Ar

ion etching [207-209].

Lau et al. [210] have shown that the bombardment of a diamond sample caused a rearrangement
of the bonds, and therefore the sp® /sp? ratio decreases with the bombardment, which explains
why the sp® bonds are broken to form the sp? bonds. This is consistent with our observations,
as it is observed through the broadening of all our spectra as shown in Figure 6.5). In addition,
the contribution of the C2 peak (area of this component) which is attributed to sp® hybridization
of carbon has been reduced in all the samples while the contribution of the C3 peak (sp* C=N
) is increased as shown in Table 6.4. It is noticeable that the C1 peak which is assigned to
hybridized sp? C-C bonds, shifted (~ 0.4 V) toward the lower energy for both unimplanted and
N-O implanted and annealed samples, while it became more prominent on the N-O implanted
sample compared to the other two samples. This is in agreement with our Raman results. The
presence of more graphitic carbon phase on this sample is due to the fact that this sample was

implanted with N-O ions and no post heating treatment was done on it.

In addition, we observed that the C4 component situated between 286 and 289 eV was present
only on the N-O implanted (unannealed) sample. This component suffers a decrease in peak
intensity compared to the one observed previously (before argon etching). This component is
affected by the inclusion of contamination corresponding to the C-O bonds, but cannot entirely

be substituted for " C-O" peaks.

6.3.2.2 Oxygen (O1s) and nitrogen (N1s) spectra

There are few studies of diamond Ols and N1s spectra reported in the literature compared
to Cls spectra. However, the information that can be drawn from the study of these spectra

is quite important. This helps in confirming or invalidating hypotheses formulated during the
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Figure 6.5 High resolution XPS spectra of Cls on (a) unimplanted sample, (b) N-O implanted sample
and (c) annealed N-O implanted sample recorded after the removal of air contaminants by argon

etching.
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Table 6.4 Characteristics of the Cls peak components for the samples under investigation recorded

after argon etched

Peak | FWHM | Ratio
Samples Components
(eV) | (eV) | (%)
C1 283.71 0.95 2.17
Unimplanted
C2 284.67 1.07 49.82
C3 285.75 1.34 48.01
sample
C4 286.76 0 0
C1 284.4 1.14 21.66
N-O implanted C2 284.87 1.64 55.25
sample C3 286.03 1.01 19.87
C4 287.91 1.72 3.21
C1 283.41 0.72 1.28
N-O implanted and C2 284.69 1.33 51.56
annealed sample C3 285.75 1.14 47.17
C4 286.76 0 0
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deconvolution of Cls spectra and also to show evidence for the binding energy related to N-O on

the surface of N-O implanted samples.

The XPS analysis performed in this section is mainly focused on the spectra recorded for the N-O
implanted sample. This is due to the fact that after argon sputtering was carried out for 1 min
in order to remove the air contaminants on the surface of the samples under investigation, the
recorded spectra of N1s and O1ls for the unimplanted and N-O implanted and annealed samples

became hardly discernible and were therefore difficult to analyze.

For illustrative purposes, the spectra recorded on the N-O implanted and annealed sample before

and after the removal of surface contamination are shown in Figure 6.6.
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Figure 6.6 XPS spectra of Ols on N-O implanted and annealed sample (a) before argon etching and

(b) after argon etching.

The recorded spectrum for the N-O implanted and annealed sample before the surface cleaning

(Figure 6.6a) shows a broad peak of Ols and this is centered around 533 eV. Several components
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may be included in the observed peak. However, the origin of this high amount of oxygen on
the surface of these samples has been clearly identified to be contamination from the ambient
environment. After 1 min of argon sputtering, the amount of oxygen and nitrogen on unimplanted
and N-O implanted samples became less than 0.1 % (see Table 6.4). Thus, the intensity of the
recorded signal for oxygen is too low (see Figure 6.6b) and not conclusive in relation to a possible
N-O defect peak which would cause a shift in the peak position of the oxygen and nitrogen

signatures in the XPS spectra.
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Figure 6.7 XPS spectra of Ols on N-O implanted sample (a) before argon etching and (b) after

argon etching.

Figure 6.7 presents the characteristic high-resolution Ols spectra obtained in the analysis of the
N-O implanted sample. The spectral decomposition of these peaks show three main contributions
named O1, O2 and O3. The positions of these components for the spectrum recorded after the
sample was cleaned are located at 533.4, 532.1 and 531.1 eV for O1, O2 and O3 respectively.

It is observed there is a small energy shift (~ 0.4 eV) toward lower energies for the components
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Table 6.5 Characteristics of the Ols peak components for the N-O implanted sample before and after

argon etching

Peak FWHM Ratio
(eV) (eV) (%)
Samples Components
Before | After | Before | After | Before | After
01 533.7 | 533.4 1.32 1.43 9.7 57.97
N-O implanted
02 532.4 | 532.1 1.7 1.09 46.9 22.09
Sample
03 531.4 | 531.1 1.6 1.45 43.2 19.93

obtained on the spectrum recorded after argon etching. The O1 component is attributed to
C-O-C [186, 187], while the O2 component has been tentatively attributed to C=0, C-O or C-
HO by several authors [187,211-213]. However, the NIST X-ray Photoelectron Spectroscopy
database [214] attributed O2 peak at 532.1 eV to N-O. The last component O3 located at 531.1
eV is assigned to C-O bonds [187,212]. These XPS results are in agreement with that found
in [212].

The contribution to each component of O1s differs in the spectra recorded before and after argon
etching. As seen in Table 6.5, the proportion of O2 and O3 in the Ols peak were about 46.9 %
and 43.2 %, respectively. After argon etching, their contribution became less (22.09 % and 19.9
%). This shows that these components were enhanced from the contamination of the sample
surface. However, the intensity of the first component (O1) did not change appreciably after

argon etching.

Figure 6.8 presents the high-resolution N1s spectrum obtained in the analysis of the N-O implanted
sample. This spectrum has been deconvoluted into four elementary components named N1, N2,
N3 and N4. The characteristics and position of these peaks are given in Table 6.6. The first
component N1 located at 398.4 eV is attributed to a nitrogen atom bonding with a carbon

atom (N-C) [173]. This component becomes stronger after argon etching. The component N2
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Figure 6.8 (a) Ols XPS spectra of N-O implanted before argon etching and (b) after argon etching.

located at 400 eV is assigned to N=C or N=N bonds [190, 191]. The last two components N3
and N4, are located at 402.7 and 406.9 eV, respectively. These components are attributed to
the bonding between nitrogen and oxygen atoms (NOy and NO3 for N3 and N4, respectively)
[173,190,204,215-217]. It is worth mentioning that a small energy shift in the order of 1 eV
has been observed for the N3 position, since this component was at 403.7 eV before sputtering.

However, after argon sputtering it shifted to 402.7 eV.

The XPS analysis done in this study enabled us to identify and quantify different chemical com-
ponents present on the surface of the samples under investigation. The state of hybridization
of carbon atoms were revealed by the analysis of Cls peaks. A change in the binding energy
and the shape of the peak Cls was observed after cleaning the samples by argon etching of 1
min, which caused a broadening of the carbon peaks due to surface rearrangement by the bom-
bardment. Other chemical bond structures between the atoms present within the samples (N,

C and O) such as C=N, N=N, C-O, C-O-C, etc. have been observed. In addition, the analysis
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Table 6.6 Characteristics of the N1s peak components for the N-O implanted sample after argon

etching
Peak FWHM Ratio
Samples Components (eV) (eV) (%)
Before | After | Before | After | Before | After
N1 3908.4 | 398.4 1.90 1.84 20.36 | 34.47
N-O implanted N2 400 400 2.19 220 | 49.43 | 30.71
Sample N3 403.7 | 402.7 | 2.04 3.04 | 20.24 | 15.38
N4 406.8 | 406.9 1.86 3.04 16.40 | 19.43

of Ols and N1s spectra revealed evidence for the formation of N-O molecular complexes on the
surface of the N-O implanted sample (not annealed). However, the XPS signal of N1s and Ols
recorded on the annealed N-O implanted sample was weak which made it difficult to perform an
analysis similar to the as-implanted N-O sample. It is probable that some N-O complexes were
also formed on the surface of the samples but at a very low concentration. This speculation
was verified with photoluminescence measurements (section 6.7) as this technique can detect

impurities in diamond even at ppm concentration.

6.4 Raman measurements

Raman spectra of the unimplanted sample, N-O implanted sample, N-O implanted sample and
annealed and carbon implanted sample before annealing are shown in Figure 6.9. These were

recorded at room temperature with an Ar-laser line at 514.5 nm excitation wavelength.

1

These spectra are dominated by a sharp peak at 1332 cm™" assigned to the first order Raman

peak of diamond. The spectrum recorded from the unimplanted sample shows no other peaks
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except the diamond peak. After ion implantation the 1332 cm™! diamond Raman peak appears

1 1

on a broad Raman band starting at 1150 cm™" and peaking at 1520 cm™ . This is shown in
Figures 6.9b and 6.9d, which are the Raman spectra of the N-O implanted diamond sample and
carbon implanted sample (both samples were not annealed). The broad band feature located at
1520 cm~! is due to amorphous carbon and a disordered graphitic phase which is formed during

ion implantation [98].

An implanted fluence of 1 x 1016ions/cm2 created a simulated damage density of ~ 2.4 x
10%vac/cm”® at the surface of the diamond and reaches a maximum of ~ 7.5 x 10%vac/cm” at a
depth of 8 nm, as shown in Figure 6.1. This was far greater than the critical damage density for
diamond recovery [218]. After annealing, the intensity of the G peak was reduced significantly
which indicates that the amorphous/graphitic phase that formed during the ion implantation
was removed when the sample was annealed at 600 °C. Two additional peaks at 728.5 cm™!
and 1708.3 cm~! were observed in the annealed N-O implanted sample. These peaks are from
photoluminescence processes as they were not observed in the Raman spectra with a different

1 observed in the carbon

excitation wavelength as shown in Figure 6.10. A peak at 540 cm™
implanted spectrum is also from a photoluminescence process. It is unusual for the G-peak
intensity to reduce due to annealing and no acid boiling. After ion implantation, the surface of
the diamond is visibly brown and after annealing, it becomes transparent. We postulate that

because the damage profile was high on the surface, the graphitic/amorphous carbon is volatile

and it evaporates during the annealing process.

Despite the diamond becoming lighter in colour after annealing, the Raman and PL spectra of
all diamonds that were implanted and annealed in this study were recorded after cleaning the
diamonds in an oxidizing acid solution. This was done to ensure that none of the observed

features of the RS and PL were a result of artefacts that arise from the annealing environment.
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Figure 6.9 Raman spectra of (a) unimplanted sample, (b) N-O implanted sample, (c) N-O implanted
and annealed sample and (d) carbon implanted sample recorded at room temperature with 514.5 nm

excitation wavelength. The first order Raman peak at 1332 cm™! is observed in all the samples. The
N-O implanted sample shows the 1332 cm~! diamond Raman peak on a broad Raman band starting

at 1150 cm~! and peaking at 1520 cm™!. This is observed for high fluence ion implantation and the

radiation damage is associated with amorphous carbon with a D band (~ 1350cm~1!) and G-band

(~ 1500 — 1600 cm~!). The G mode arises from stretching from any pair of sp? sites from rings and

chains, while the D mode is assigned to the breathing mode from sp? bonds in rings [98]



Section 6.4. Raman measurements Page 118

——N-O implanted sample and annealed|

1332 cm1

N

Relative Intensity (a.u.)
<— 1434 cm™1

< 478 cm-!

500 750 1000 1250 1500 1750

Raman shift (cm™)

Figure 6.10 Raman spectrum of N-O implanted and annealed sample recorded at room temperature
with 458 nm excitation wavelength. Peak at 1332 cm~! is the first order Raman peak of diamond.
Peaks observed previously at 728.5 and 1708.3 cm~! on this sample while excited at 514.5 nm are not
present anymore. However, new peaks can be observed at 478 and 1434 cm~! and they are from

photoluminescence lines.



Section 6.5. UV-visible absorption measurements Page 119

6.5 UV-visible absorption measurements

A Varian Cary 500 UV-Vis-NIR spectrophotometer was used to carry out the room temperature
absorption measurements of type Ila diamond samples used in this study in the range from 200
nm to 2500 nm. This was done in order to have complete absorption spectra of the samples

under investigation.

Figures 6.11 and 6.12 show the spectra of carbon implanted, N-O implanted, unimplanted and
N-O implanted and annealed samples in the ranges 200 nm to 800 nm and 800 nm to 2500
nm, respectively. All the spectra are characterized by an increase in absorption toward shorter
wavelengths. This increase reaches a maximum at 223 nm (5.5 eV), which represents the intrinsic

absorption edge of diamond.

The spectral line shapes of the unimplanted sample and the N-O implanted and annealed sample
are very similar. The absorption intensities of their spectra tend to zero toward longer wavelengths
and show no noticeable absorption feature. The observed structures in the spectra of all the
samples between 2000 to 2500 nm is just noise and should not be taken as absorption features.
In addition, the feature around 800 nm should not also be taken as absorption features since
they are caused by the change between two detectors (photomultiplier tube) during the scans.
On the other hand, the N-O implanted (unannealed) and the carbon implanted (unannealed)
samples exhibit higher absorption in the recorded spectra range compared to the unimplanted
and N-O implanted and annealed samples. This is normal since the surface of these samples is
amorphous on the implanted side as no post implantation heating treatement was performed on
these samples. Hence they are less transparent. Their spectra show an increase in absorption
intensity between 250 to 600 nm. The origin of this increase in absorption is due to the absorption
bands at 270 nm, 370 and 550 nm. The band at 270 nm is attributed to substitutional nitrogen

atoms, while the band at 370 nm and 550 nm are attributed to the nitrogen vacancy centre [219].
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The fact that there is no noticeable absorption feature in the spectrum of the unimplanted sample

from 350 nm toward longer wavelengths is an indication of the high quality of the diamond films

used in this study.
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Figure 6.11 Absorption spectra of unimplanted, N-O implanted, N-O implanted annealed, carbon

implanted samples in the range of 200 to 800 nm. These spectra show the intrinsic absorption edge of

diamond at 223 nm (5.5 eV).
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Figure 6.12 Absorption spectra of unimplanted, N-O implanted, N-O implanted annealed and carbon

implanted samples in the range of 750 to 2500 nm.

6.6 Fourier-transform infrared spectroscopy measurements

Fourier-transform infrared spectroscopy (FTIR) is one of the most used techniques to identify
impurities in diamond. It is used in this study to evaluate the quality of the four type lla CVD
diamond samples used in this study. The infra-red absorption spectra of diamond are usually
subdivided into three regions, namely: one, two and three phonon absorptions. One phonon

absorption is comprised between 400 cm~! to 1500 cm™!.

This region contains most of the
absorption features related to nitrogen impurities. The absorption feature in this range is used for
classifying different types of diamond; viz type | or Il. The two phonon absorption region, 1500 -
2600 cm™!, is characterized by the intrinsic diamond features. The three phonon region contains

some intrinsic diamond features and major features related to boron and hydrogen.

Figure 6.13 shows the IR absorption spectra in the range from 1000 cm™! to 4000 cm™! of the

four CVD diamond samples used in this study. The spectra are dominated by absorption features
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at 1970 cm~*, 2030 cm!, 2160 cm™! and 2500 cm~!; these are the well known two-phonon
intrinsic absorption peaks of diamond. The one and the three phonons absorption regions are
featureless, as expected for any type lla CVD diamond sample. However, magnification of these

two regions shows some minor weak absorption peaks which are presented in figures 6.14 and

6.15

FTIR spectra in the range 800 cm~! to 1600 cm~! are shown in figure 6.14. Absorption features
centered at 1047 cm™!, 1175 cm~!, 1280 cm™!, 1510 cm~! and 1562 cm~! are observed in

the spectra of each sample. There is also a peak at 1090 cm™!

which is more pronounced in
the spectrum of the carbon implanted sample. The intensities of these features are weak and
their shapes are totally different for most of the infrared absorption peaks reported previously in
this wavenumber range by other authors (see Figures 3.6 and 3.7). The origin of these peaks
are related to nitrogen defects. For instance the peak at 1090 cm™! has been attributed to A
and B aggregates of nitrogen by Sutherland et al. [106,220], while the peak at 1510 cm™! is
reported to appear in synthetic and nitrogen-containing natural diamonds. According to Bokii and

Malogolovet [112,221,222], the intensity of the 1510 cm™! line is correlated with the concentration

of single substitutional nitrogen atoms.

Figure 6.15 shows the expanded view of the spectra of Figure 6.13 in the range of 2707 to
4000 cm~!. Absorption peaks at 2854 cm~!, 2923 cm~!, 2963 cm~! and two absorption bands
located at 3213 cm~! and 3650 cm™! were detected. The peak at 2953 cm~! was observed in
CVD diamonds previously and was attributed to asymmetrical stretching vibrations of sp? bonded
CH3 asymmetrical configurations [223-225]. Peaks at 2854 cm™! and 2923 cm™~! have always
been observed in CVD diamond films and they have been attributed to the asymmetrical and
symmetrical C-H stretching modes of sp® bonded methylene groups —CH,— [112,226,227]. The
broad absorption band located at 3650 cm™! was previously seen in single-crystal CVD diamond
films and was attributed to the one of the three-phonon absorption of diamond lattice [112,225].

The weak absorption features observed in one phonon absorption region are most likely due
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Figure 6.13 FTIR absorption spectrum of (a) unimplanted, (b) N-O implanted, (c) N-O implanted

and annealed and (d) carbon implanted samples.
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to intrinsic defects or to nitrogen related defects since it has been observed in all the samples
regardless of their history (unimplanted or N-O/carbon implanted). In addition, the fact that we
observed hydrogen related absorption features in these samples is not surprising because during

the growth process there is a significant fraction of hydrogen.
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Figure 6.14 Expanded view of the FTIR spectra in the one-phonon absorption region, for (a)

unimplanted, (b) N-O implanted, (c) N-O implanted and annealed and (d) carbon implanted samples.
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Figure 6.15 Expanded view of the FTIR spectra in the three-phonon absorption region, for (a)

unimplanted, (b) N-O implanted, (c) N-O implanted and annealed and (d) carbon implanted samples.

Table 6.7 Summary of defects observed from FTIR measurements.

Defect position (cm~!) Origin of luminescence
1970, 2030, 2160 Absorption features characteristic of two-phonon intrinsic absorption
and 2500 of diamond [106].

1047, 1090, 1175, 1280,
1510 and 1562

Absorption features attributed to nitrogen defects [106, 112, 220-222].

2053 Absorption attributued to asymmetrical stretching vibration of sp3
bonded CH3 asymmetrical configurations [223-225].

Absorption features attributed to the asymmetrical and symmetrical C-H stretching modes of
2854 and 2923 )
respectively of sp? bonded methylene groups —CHay— [112,226,227]

Absorption feature attributed to the three-phonon
3650

absoprtion of diamond lattice [112, 225].
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6.7 Photoluminescence measurements

Photoluminescence measurements conducted at room and liquid nitrogen temperature using dif-
ferent excitation wavelengths were used to investigate the nature and behavior of the defects
induced by the implantation into diamond samples under different irradiation and annealing pa-
rameters of N-O ions into diamond sample followed by annealing at 600°C in argon atmosphere.
A Jobin-Yvon T64000 spectrometer was used to record photoluminescence spectra using a 248
nm line of a He-Cd laser and 514.5 nm and 458 nm lines of an argon ion laser as excitation

wavelength.

6.7.1 Room temperature photoluminescence measurements obtained

with 248 nm excitation wavelength

Figure 6.16 shows typical room temperature PL spectra of the unimplanted sample, N-O im-
planted sample, N-O implanted and annealed sample and carbon implanted sample in the range
of 260 to 750 nm obtained with 248 nm excitation wavelength. All the recorded spectra were
measured under identical conditions and were normalized with the first order Raman peak at 251

nm.

These PL spectra have distinct peaks at 389 nm, 398 nm, 409.4 nm, 419.2 nm, 487.5 nm, 533
nm, 563 nm, 575 nm, 600 nm, 620 nm, 650 nm and 675 nm. The luminescence intensities
of these peaks are low in the N-O implanted sample (without annealing) and carbon implanted

sample as shown in Figure 6.17.

The peak at 389 nm is the ZPL of the 389 nm (3.188 eV) centre and has the highest intensity
in the N-O implanted and annealed sample and the unimplanted sample. The peaks at 398 nm,

409.4 nm and 419.2 nm are its phonon sidebands (see section 3.2.1.6). The 389 nm centre
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involves a carbon interstitial and a single nitrogen atom [123] as described in section 3.2.1.6.

The emission line at 487.5 nm is attributed to the TH5 centre, which is an intrinsic defect
containing a divacancy observed in type la and lla diamonds after electron irradiation followed

by annealing at temperatures above 400 °C [106].

The peaks at 533 nm, 563 nm and 570 nm lines are reported to originate from a nitrogen related
centre [106,228,229]. The 563 nm line was also reported in carbon irradiated diamond and was

associated with interstitials [230, 231].

The peak at 575 nm corresponds to the emission line of the neutral charge state of the nitrogen-
vacancy defect as described in section 3.2.2.2). The broad band peaks located at 600 nm, 620

nm, 650 nm and 675 nm are the associate phonon side bands.

Broad luminescence features are observed around 309 nm and 356 nm on unimplanted and N-O
implanted (unannealed and annealed) samples. These broad band luminescence features are more
intense for the annealed N-O implanted sample compare to other samples. This can be seen in

Figure 6.17 where the PL spectra of all the samples under investigation are compared.

The origin of these broad luminescence features is unknown. The shape of these broad features
indicates that it may contain several emission peaks which are unresolved because the mea-
surements were carried out at room temperature. The room temperature PL measurements are
characterized by a strong electron-phonon interaction which results in the overlapping of emission

bands that are near each other and result in the broadening of luminescence emission bands.

The results for the photoluminescence measurements conducted at room temperature using the
458 and 514.5 nm lines of an argon ion laser as excitation sources are shown in appendix A and

B.
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Figure 6.16 Typical PL spectra of (a) unimplanted sample, (b) N-O implanted sample, (c) annealed

N-O implanted sample and (d) carbon implanted sample in the range 260 to 750 nm. These spectra

were recorded at room temperature using 248 nm for excitation. All the spectra were normalized with

the first order Raman peak at 251 nm.
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Figure 6.17 Comparison of PL spectra of unimplanted sample (spectrum A), carbon implanted sample
(spectrum B), N-O implanted sample (spectrum C) and annealed N-O implanted sample (spectrum
D). These spectra were recorded at room temperature using 248 nm for excitation. The spectra are

vertically offset for more convenience and were normalized with the first order Raman peak at 251 nm.

6.7.2 Low temperature photoluminescence measurements obtained with

248 nm excitation wavelength

Conducting PL measurements at liquid nitrogen temperature will provide more information with
regards to the observed broad band feature located at 309 nm, since at liquid nitrogen temper-
ature, most of the carriers are completely frozen in and the lowest energy states can be easily

seen.

Photoluminescence measurements were carried out at liquid nitrogen temperature for the unim-

planted sample (annealed at 600°C), N-O implanted sample (without annealing), N-O implanted
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and annealed (600°C) sample and the carbon implanted sample annealed at 800°C in the range
of 260-800 nm. The reason why the carbon implanted sample was annealed at 800°C is given
in section 6.7.3. All the recorded spectra were measured under identical conditions and were
normalized with the first order Raman peak at 251 nm. For convenience, the recorded spectra

were plotted in three ranges separately as follows: 262-330 nm, 330-450 and 450-660 nm.

Figure 6.18 presents the photoluminescence spectra measured at 77 K same samples in the range

of 262 to 330 nm.

Broad PL emission bands were observed from all the samples with a maximum centred around
309 nm. This broad luminescence band is more prominent in the annealed N-O implanted sample.
In addition, sharp emission peaks were observed at 270.3 nm, 278.1 nm, 281.5 nm, 285.1 nm,
301.5 nm, 319.7 nm and 328.3 nm in the spectrum of the unimplanted sample, annealed N-O
implanted and carbon implanted samples. The luminescence intensities of these peaks are low in
the unannealed N-O implanted sample as shown in Figure 6.19 where these spectra are compared.
This indicates that these are intrinsic defects in the diamond material (as supplied) and the defect
centres that give rise to these luminescent transitions are increased after annealing. The decrease
in the optical activity on the N-O implanted sample (not annealed) is caused by the strain
created in the implanted layer during the implantation process as a result of the displacement of
the atoms from their lattices sites. The displaced atoms create defects which increase the non-
radiative paths that excited electrons can follow. Annealing the sample leads to a decrease in
strain in the implanted layer which then causes an increase in the PL activity in the sample [232].
The peaks at 290.5 nm and 330.4 nm are only present in the PL spectra of the N-O implanted

and carbon implanted samples.

The peak at 270.3 nm is the zero phonon line of the 5RL system (see section 3.2.2.2) which is
a common radiation damage centre observed in types lla, lIb and Ib diamonds after high energy
electron irradiation and ion implantation [106, 132]. The 5RL centre has also been observed in

as-grown CVD diamond films [130,233]. The peaks at 285.1 nm, 301.5 nm, and 319.7 nm are
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Figure 6.18 The typical PL spectra (262-335 nm) of (a) annealed unimplanted sample, (b) N-O

implanted sample, (c) annealed N-O implanted sample and (d) annealed carbon implanted sample.

These spectra were recorded at 77 K using 248 nm for excitation. All the spectra were normalized

with the first order Raman peak at 251 nm
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the local-mode phonon replicas of the 5RL centre as discussed in section 3.2.2.2. They are spaced
at approximately 235 meV. These are in agreement with those previously reported by Collins and
other authors [133,228,234]. The 328.3 nm peak was previously observed in low temperature
cathodoluminescence measurements on a homoepitaxial (100) diamond film by Kadri et al. [235].
However, no information was given regarding the origin of this peak. The 278.1 nm, 281.5 nm
and 328.3 nm lines are related to intrinsic defects since they are observed in the PL spectrum of
the unimplanted samples (see Figure 6.18a). The peaks at 290.5 nm and 330.4 nm are related
to radiation defects since they are observed in carbon and N-O implanted samples (see Figures

6.18b and 6.18d).
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Figure 6.19 Comparison of PL spectra (262-335 nm) of annealed unimplanted sample (spectrum A),
annealed carbon implanted sample (spectrum B), N-O implanted sample (spectrum C) and annealed
N-O implanted sample (spectrum D). These spectra were recorded at 77 K using 248 nm for
excitation. The spectra are vertically offset for convenience and were normalized to the first order
Raman peak at 251 nm. Peaks at 293.3 nm, 297.3 nm, 305.9 nm, 309.9 nm and 314.2 nm are only

present in the N-O implanted and annealed sample.
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The peaks at 293.3 nm, 297.3 nm, 305.9 nm, 309.8 nm and 314.2 nm were observed only in the
annealed N-O implanted sample. This sample did not show any other chemical impurities apart
from nitrogen and oxygen as observed in X-ray photoelectron spectroscopy results (see section
6.3.1). It is therefore reasonable to speculate that these PL features are due to oxygen, nitrogen
or aggregated defects due to N-O defect complexes as a result of the N-O ion implantation and

subsequent annealing.

Defects related to nitrogen in diamond are well documented as they have been extensively studied
[106]. The PL emission lines observed at 293.3 nm, 297.3 nm, 305.9 nm, 309.9 nm and 314.2

nm in the spectrum of N-O implanted and annealed sample are not among them.

On the other hand, there are few reports on the study of oxygen defects in diamond since
oxygen has rarely been investigated. The reason is that oxygen-16 ('°0), the most abundant
isotope of oxygen in nature, is spinless, thereby making detection of the oxygen fingerprint in
diamond is a bit challenging [141]. Theoretical studies performed by Gali et al. [3] suggested
that as a substitutional atom, oxygen gives rise to two defect-related energy states in the band
gap in which one is in the middle of the band gap and the other is near the conduction band.
Theiring and co-workers [141] have found that an oxygen atom in an interstitial site is optically
and electrically inactive in diamond with a spin singlet ground state. Moreover, the neutral
charge of the substitutional oxygen atom is likely to occur in nitrogen-containing diamonds and
was predicted to have a zero phonon line at 1.39 eV (891.9 nm) [141]. Experimentally, there
are few features which were tentatively attributed to oxygen defects. Among them are the
cathodoluminescence (CL) peaks localized at 484.12 nm, 463.3 nm, 454.9 nm observed by Ruan
et al. [143] from a diamond sample grown in 0.1% Os. Two CL band structures located at 267.2
and 330.6 nm have been attributed to oxygen atoms or possible oxygen defect complexes by Mori
et al. [144]. In addition Gippius [145] observed sharp photoluminescence peaks at 584.8 nm, 598.3
nm, 836 nm and 845 nm from oxygen implanted natural type lla diamond after high temperature

annealing (above 1500°C). Most of these peaks were in the visible range and those observed by
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Mori et al. [144] are broader and cannot unambiguously be attributed to oxygen defects only.
Furthermore, the density functional theory calculations of Etmimi et al. [142] revealed that the
N-O complex in diamond can have both donor and acceptor levels at E, + 3.7 eV and E, + 1.5
eV [16,142]. Based on the volume of information we have been able to read in both theoretical
and experimental literature, we suggest that the PL emission lines observed at 293.3 nm, 297.3

nm, 305.9 nm, 309.9 nm and 314.2 nm are unlikely to be related to nitrogen or oxygen alone.

In order to assess the combined role of N, O ions and radiation-induced defects, and to eliminate
any doubt regarding the origin of the observed features, the PL properties of the fifth sample
that was irradiated with 9 keV N and O ions as described in section 5.2 with a fluence of
1 x 10 ions/cm2 were measured. The sample was annealed in Ar atmosphere at 600 °C,

thereafter it was cleaned in an oxidizing acid solution.

Figure 6.20 shows the photoluminescence spectra of the annealed N-O implanted sample (spec-
trum D), the oxygen implanted sample (spectrum E), the nitrogen implanted sample (spectrum
F) in the range of 265 to 335 nm. These PL spectra were characterized by the 5RL centre,
and only the annealed N-O implanted sample still shows peaks at 293.3 nm, 297.3 nm, 305.9
nm, 309.9 nm and 314.2 nm after annealing and cleaning procedure in the boiling acid. This
observation suggests that the aforementioned PL features for the annealed N-O implanted sample
spectrum are not caused by radiation damage or any interaction with the radiation damage and
native impurities, for the simple reason that they did not appear in the annealed carbon implanted
sample. In addition, these defect peaks do not appear in the N or O ion implanted and annealed
sample. These observations and arguments leads us to conclude that the PL features at 293.3
nm, 297.3 nm, 305.9 nm, 309.9 nm and 314.2 nm are likely to be related to a N-O complex in

diamond.

Figures 6.21 and 6.22 present the photoluminescence spectra of unimplanted, N-O implanted, N-
O implanted and annealed, carbon implanted, nitrogen implanted and oxygen implanted samples

in the range of 335 to 450 nm.
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Figure 6.20 PL spectra (262-335 nm) of annealed N-O implanted sample (spectrum D), annealed
oxygen implanted sample (spectrum E) and annealed nitrogen implanted sample (spectrum F). These
spectra were recorded at 77 K using 248 nm for excitation. The spectra are arranged vertically for easy
comparison and were normalized to the first order Raman peak at 251 nm. Peaks at 293.3 nm, 297.3
nm, 305.9 nm, 309.8 nm, and 314.4 nm do not appear in either the oxygen implanted sample or the

nitrogen implanted sample.
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Figure 6.21 Typical photoluminescence spectra (335-450 nm) of (a) unimplanted sample and (b) N-O
implanted sample, obtained at 77 K using 248 nm laser excitation. The spectra were normalized with

the first order Raman peak at 251 nm.

Peaks at 389 nm, 398.4 nm, 409.4 nm and 419.2 nm are observed in all the spectra. How-
ever, 389 nm, 398.4 nm and 409.4 nm peaks are more intense in the spectra recorded on the
unimplanted sample (Figure 6.21a), annealed N-O implanted sample (Figure 6.22a), annealed
nitrogen implanted sample (Figure 6.22c and annealed oxygen implanted sample (Figure 6.22d).
The N-O implanted sample (Figure 6.21b) and annealed carbon implanted sample (Figure 6.22b)
are characterized by broad band luminescence features centred around 356 and 430 nm. These
two PL bands (356 and 430 nm) are also observed for the N-O implanted and annealed sample,

but are less intense.

The most prominent peak in the spectra of Figures 6.21 and 6.22 is the ZPL of the 389 nm
(3.188eV) centre and its phonon sidebands at 398 nm and 409 nm (see section 3.2.1.6). The
observation of the 389 nm centre provides evidence that these CVD diamond samples contain

some nitrogen as the 389 nm centre involves a carbon interstitial and a single nitrogen atom [123].
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Figure 6.22 Typical photoluminescence spectra (335-450 nm) of (a) annealed N-O implanted sample,
(b) annealed carbon implanted sample, (c) annealed nitrogen implanted sample and (d) annealed
oxygen implanted sample, obtained at 77 K using 248 nm laser excitation. All the spectra were

normalized to the first order Raman peak at 251 nm.
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Figure 6.23 Photoluminescence spectra (450-650 nm) of (a) the annealed unimplanted sample and

(b) N-O implanted sample obtained at 77 K using 248 nm laser excitation.

Figures 6.23 and 6.24 present the photoluminescence spectra of all the samples under investigation
in the range of 450 to 650 nm. The most dominant feature observed in the PL spectra of all the
samples is the zero phonon line of the neutral charge state of the nitrogen-vacancy defect at 575
nm (see section 3.2.2.2). In addition, there are several lines at 467.5 nm, 487.5 nm, 500.6 nm,
510.3 nm, 533 nm, 540.8 nm, 570 nm which are present in all the spectra. Broad peaks located

at 586 nm, 600 nm and 620 nm are also seen in all the spectra.

The 467.5 nm, 533 nm, 563 nm and 570 nm lines are reported to originate from a nitrogen
related centre [106,228,229]. The 563 nm line was also reported in carbon irradiated diamond

and was associated with an interstitial-related defect [230, 231].

A peak at 540.8 nm has been observed in type lla diamond implanted with Ni and has been
tentatively ascribed to Ni atoms and carbon interstitial atoms [106]. The 540.8 nm peak is also
observed in the PL spectra of our samples which do not show traces of Ni atoms (see section

6.3.1) and suggests that the 540.8 nm emission line should be associated to a nitrogen-related
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defect or to carbon interstitial complexes. The peak at 510.3 nm is attributed to the S1 centre
which is tentatively assigned to a single nitrogen atom bound to a vacancy [106]. The emission
line at 500.6 nm has also been observed in the CL spectra of some diamond films by Collins and
Kamo [236]. Its appearance seems to be unique to CVD diamond. The 487.5 nm emission line
corresponds to the TH5 centre, which is an intrinsic defect containing a divacancy, observed in
type la and lla diamonds after electron irradiation followed by annealing at temperatures above
400 °C [106]. It is noticed that, the N-O implanted sample exhibits a strong the TH5 luminescence
compared to other samples. This can be seen in Figure 6.25b where the unimplanted, N-O
implanted (annealed and without annealing) samples are compared. The intensity of the TH5
centre for the N-O as-implanted sample is more than 3 times as intense as for the N-O implanted

and annealed sample.

A sharp peak is observed at 556.7 nm which is only present on the annealed N-O implanted
sample only (see Figure 6.25a). This peak has also been observed by Steeds [237] in diamond
samples with a N-level of approximately 1 ppm. This peak was, however, absent from the material
containing 10 ppm N or above and from ultra-pure single crystal CVD diamond. Further is needed
in order to understand the behavior and origin of this emission line. It is worth mentioning that
the negative charge state of the N-V defect centre (637 nm) does not appear in these spectra.
According to lakoubovskii et al. [127], the negative charge state of the N-V defect cannot be seen
with excitation energy exceeding the band gap of diamond in the CL and PL processes due to

the fact that such excitation ionizes the negative centres which drives them to the neutral state.

Based on the results shown in figures 6.22, 6.23 and 6.24, it is easily noticeable that no emission
line which might be attributed to the N-O defects has been observed in the range of 450 to 650
nm. In addition, the reported oxygen related defect centres obtained from oxygen implanted type
lla diamond [145] have not been observed in either the oxygen or the N-O implanted sample.
We do note that the annealing temperature is 600 °C for all the samples shown here, apart for

the carbon implanted sample, and further PL measurements with sample annealed at different
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Figure 6.24 Photoluminescence spectra (450-650 nm) of (a) the annealed N-O implanted sample, (b)

annealed carbon implanted sample, (c) annealed nitrogen implanted sample and (d) annealed oxygen

implanted sample, obtained at 77 K using 248 nm laser excitation.
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Figure 6.25 (a) Comparison of photoluminescence spectra (450-650 nm) of N-O implanted and

annealed (spectrum D), annealed carbon implanted sample (spectrum B), annealed oxygen implanted

sample (spectrum E) and annealed nitrogen implanted sample (spectrum F) obtained at 77 K using

248 nm laser excitation. The inset shows the peak at 556.7 nm, which is only present in the annealed

N-O implanted sample. (b) PL spectra of annealed unimplanted sample (spectrum A), N-O implanted

sample(spectrum C) and annealed N-O implanted sample (spectrum D).
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temperature starting from 700 °C to 1600 °C are needed to fully understand the origin of the

observations made thus far.

6.7.3 Low temperature photoluminescence measurements obtained with

458 nm excitation wavelength

Photoluminescence spectra of N-O implanted (unannealed), annealed N-O implanted, unim-
planted (before and after annealing) and carbon implanted (before and after annealing) samples
recorded at liquid nitrogen temperature using an excitation wavelength of 458 nm are shown in

Figures 6.26 and 6.27.

The most prominent peaks in all the spectra shown in Figures 6.26 and 6.27 are the ZPL of the
neutral charge state of the nitrogen-vacancy centre at 575 nm and the first order Raman peak

at 487 nm.

There is also a sharp peak at 503.4 nm in the PL spectra of all the samples. This 503.4 nm
peak is attributed to the H3 centre [106]. The luminescence intensities of the H3 centre are of
similar height in the N-O doped samples, even though they are broader in the annealed sample.
It is too weak to be observed in the unimplanted sample before annealing (spectrum C, Figure
6.28). However, an increase for luminescence intensity of the H3 centre was observed for the

unimplanted sample after it was annealed at 600 °C.

In addition to these peaks, there were negative charge states of the nitrogen-vacancy defect
centres at 637 nm and other peaks at 463 nm, 467.6 nm, 477 nm, 481 nm, 489.7 nm, 563 nm,
586.9 nm, 600 nm and 620 nm. All these peaks are present in the PL spectra of all the samples
except the 489.7 nm peak (see Figure 6.28), which appears in both N-O implanted samples
(unannealed and annealed). However, the luminescence of this peak is weak for the unannealed

sample. The origin of this peak cannot be attributed to a N-O complex since it also appears in a
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Figure 6.26 Typical 77 K PL spectra of (a) the unimplanted sample before annealing and (b) N-O

implanted sample, recorded under 458 nm excitation.

sample that was implanted with carbon ions and is thus a radiation damage related defect. The
467.6 nm line has been tentatively attributed to a nitrogen-related defect containing interstitial
carbon atoms [106]. Two new peaks appeared at 469.9 nm and 508.8 nm on the spectrum of the
unimplanted sample after annealing (H). The 469.9 nm peak is the TR12 centre while the 508.8
nm is its local vibration mode. The TR12 centre is a typical radiation centre in diamond and it
is attributed to a defect involving two vacancies and two interstitial carbon atoms in hexagonal
positions [106]. The TR12 centre has been reported to occur in relatively pure diamond after
electron irradiation [106,134]. However, it is observed in the PL spectrum of the as-grown CVD
type lla diamond sample after annealing at 600 °C. The TR12 centre was not observed in the
N-O implanted samples, and it has been reported to be strongly quenched after nitrogen ion
implantation [106,137]. The TR12 centre is also observed in the carbon implanted sample (B).
In this study we annealed the carbon ion implanted sample at 800 °C in order to show that the

TR12 centre is indeed the same centre observed by Walker [134] as it anneals away at 800 °C.
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Figure 6.27 Typical 77K PL spectra of (a) annealed N-O implanted sample, (b) carbon implanted

sample before annealing, (c) unimplanted sample after annealing and (d) annealed carbon implanted

sample, recorded under 458 nm excitation.
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This is observed as this peak does not appear in the carbon implanted sample after annealing at

800 °C. The H3 centre appears in the carbon implanted sample after annealing at 800 °C.
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Figure 6.28 Comparison of PL spectra of unimplanted sample before annealing (spectrum A),carbon
implanted sample before annealed (spectrum B), N-O implanted sample (spectrum C), annealed N-O
implanted sample (spectrum D), annealed carbon implanted sample (spectrum G) and annealed

unimplanted sample (spectrum H) obtained with 458 nm excitation wavelength in the range of 460 to

510 nm. All the spectra were normalized with the first order Raman peak at 487 nm

6.7.4 Low temperature photoluminescence measurements obtained with

514.5 nm excitation wavelength

PL spectra recorded with the 514.5 nm excitation wavelength show an increase in intensity of the
negative charge state of the nitrogen-vacancy defect centre at 637 nm compared to the spectra
obtained with the 458 nm excitation wavelength. This can be seen in Figures 6.29 and 6.30.
Furthermore, a peak at 563 nm in the PL spectrum of the N-O implanted annealed sample is more

intense (see Figure 6.30a), while it appears broader and less intense in the spectrum obtained
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from the unimplanted sample after annealing (see Figure 6.31) and vanishes for carbon implanted

samples (before and after annealing).

Two emission peaks were observed at 596.5 nm and 597.2 nm in the PL spectra of all the
samples. These two peaks were first observed by Wang et al. [238] for their brown-to-gray and
near-colorless single-crystal type lla CVD synthetic diamond. According to Martineau et al. [239]
these peaks are not seen in natural or HPHT-grown synthetic diamond. No concrete explanation
for the origin of these peaks has been given. A small peak is also observed at 579 nm in PL
spectrum D in Figure 6.31 of the N-O implanted annealed sample at liquid nitrogen temperature
and is not present in spectra A, B, and C. The origin of the 579 nm peak is less likely to be
associated with N-O ions since we observed a similar luminescence peak around 579 nm in the
PL spectra of all our samples recorded at room temperature when exciting at a wavelength of
514.5 nm. However, this peak was not observed in the PL spectra of the unimplanted or annealed
unimplanted samples at liquid nitrogen temperature. The 533 nm line shifted to 534.5 nm and it
was only visible on the N-O implanted and annealed sample. There are two broad band features
centered at 659 and 680 nm in all the spectra, which are the phonon sideband structures of the

nitrogen-vacancy defect.

The peaks at 556.7 nm, 540.8 nm and 570 nm observed previously in the PL spectra when excited
at 248 nm UV do not appear under visible excitation wavelengths (458 nm and 514.5 nm). This
is an indication that these centres are due to a deep-lying intrinsic defect, since it requires high

energy photons to be excited.
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Figure 6.29 Typical 77 K PL spectra of unimplanted sample before annealing (a) and N-O implanted

sample (b) recorded under 514.5 nm excitation.
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Figure 6.31 Comparison of the PL spectra at 77 K of (A) unimplanted sample before annealing, (G)

carbon implanted sample after annealing, (H) unimplanted sample after annealing, (D) annealed N-O

implanted sample obtained at 77 K with 514.5 nm excitation wavelength in the range of 560 to 620

nm. This figure shows a pair of lines at 596.5 and 597.1 nm in all the spectra and a peak at 579.3
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after annealing (d) recorded under 514.5 nm excitation.
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Table 6.8 Summary of defects observed from CL and PL measurements.

Defect position (nm) | Methods (Acxcitation) Origin of luminescence
270.3, 285.1, 301.5 Emission lines attributed to the ZPL of the 5RL center and its local
PL (248 nm)
and 319.7 nm mode phonon replicas, respectively [106,132].
278.1, 281.5 and 328.3 | PL (248 nm) Emission lines attributed to intrinsic defects [240].
Emission lines observed in carbon and N-O implanted samples
290.5 and 330.4 PL (248 nm)
attributed to radiation defects [240].
293.3, 297.3 , 305.9, Emission lines observed only in the annealed N-O implanted sample
PL (248 nm)
309.9 and 314.2 attributed to N-O complex in diamond [240].
389, 398.4 , 409.4 Emission lines attributed to the ZPL of 389 center and its phonon side
PL (248 nm)
and 419.2 bands. [123]
467.5 and 563 PL (248 and 458 nm) | Emission lines reported to originate from a nitrogen related center [230,231].
Emission lines observed in the spectra of unannealed carbon implanted
469.9 and 508.8 PL (458 nm) sample and in annealed (600 °C) unimplanted sample attributed to
the TR12 center and its local vibration mode, respectively [106].
489 nm and 517 CL CL emission tentatively attributed to radiation damage related defects.
503.4 PL (458 nm ) Emission line attributed to the H3 center [106].
506 cL Center often observed in combustion flame grown homoepitaxyial CVD
diamond films [43,106].
510.3 PL (248 nm) Emission line attributed to the s1 center [106].
Peak only observed on annealed N-O implanted sample,
533 CL tentatively attributed to a radiation recombination of a shallow n-type
defect and a deep lying p-type defect in the middle of the band gap.
PL (248, 458 nm) o o ]
533.8 Emission line reported to originate from a nitrogen related center [106].
and CL
Emission line ascribed to a nitrogen related defect or carbon
540.8 PL (248 nm)
interstitial complexes [106].
Peak observed only in annealed N-O implanted sample.
It has also been observed in diamond samples with a N-level of
556.7 PL (248 nm) and CL
approximately 1 ppm. But, was absent from the material containing
10 ppm N or above and from ultra-pure single crystal CVD diamond [240].
Emission lines observed in all the spectra, reported to originate
570 PL (248 nm)
from a nitrogen related center [106].
575 PL (248, 458 and Emission lines observed in all the spectra, attributed to the ZPL of
514.5 nm) and CL the NV° [106].
Emission peak only observed on annealed N-O implanted sample,
585 CL
Center related to Oxygen defect center [145].
637 PL (458 and 514.5 nm) | Emission line attributed to the ZPL of the NV~ [106]
619 L De-excitation related to intrinsic defect in the band gap that are deep
lying states which were ionized by the electron beam [106].
659 and 680 PL (458 and 514.5 nm) | The phonon sidebands structure of the nitrogen vacancy defect [106].
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6.7.5 Proposed mechanism of electronic transitions leading to PL emis-

sion of N-O

The first step in the formation of the N-O centres in a type Ila diamond sample is by the
incorporation of nitrogen and oxygen atoms in the diamond lattice by means of ion implantation.
Irradiation of samples during ion implantation process leads to production of lattice vacancies.
Annealing the samples at a temperature of 600 °C causes the migration of vacancies, nitrogen,
oxygen and interstitials as they become more mobile. Upon the migratory movement of atoms and
vacancies in the lattice, N and O atoms may find themselves in nearest-neighbor substitutional
sites. The recombination of nitrogen and oxygen atoms could then take place to form N-O
complexes. When the sample is excited with UV laser light at 248 nm, only defects and impurities
within the band gap are excited since the 5 eV photon energy used is small compared to the 5.4 eV
energy band gap of diamond. Upon excitation, electrons in the ground state of N-O are promoted
to an excited state. As a result of constant vibrational and rotational motion taking place within
the N-O molecule in the excited state, different radiative relaxations by spontaneous emission of
photons can occur depending on the transition probabilities. Figure 6.32 is a simplified energy
diagram showing electron transitions when the samples are excited at 248 nm (see Figure 6.19).
Due to the lack of theoretical data on N-O complexes, we are unable to assign the exact electronic
transition, however we postulate that electrons are excited from the valence band to N-O excited
energy states, followed by non-radiative transitions to lower excited energy states and finally by
radiative transitions to the ground state. The emissions at 293.3 nm and 297.3 nm are ascribed
to a ZPL and its phonon replica, respectively. The 305.9 nm emission might also be a ZPL with
two phonon replicas at 309.9 and 314.2 nm, since these centres occurred at intervals spaced at

approximately 53 meV.
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6.8 Cathodoluminescence (CL) measurements

Cathodoluminescence measurements were performed using an Oxford MonoCL4 system attached
to a JEOL JSM-7800F field emission scanning electron microscope at the University of the Free
State (UFS). The acceleration voltage for all the recorded spectra was set at 10 kV. Data was
collected for 20-180 seconds depending on the intensity of the CL signal and a power supply
voltage of either 860 V or 1000 V was used for the photomultiplier tube. The spectra were

recorded at room temperature.

Figure 6.33 presents the typical cathodoluminescence spectra of the unimplanted sample, N-O
implanted sample, N-O implanted and annealed sample and carbon implanted sample recorded
at room temperature and in vacuum environment. The parameters for data acquisitions for these

spectra are as follows:

e Unimplanted sample : exposure time 50 seconds and 180 seconds, PMT set at 1000 V
e N-O implanted sample : exposure time 20 seconds and 100 seconds, PMT set at 1000 V
e N-O implanted and annealed sample : exposure time 20 seconds, PMT set at 860 V

e Carbon implanted sample : exposure time 100 seconds, PMT set at 860 V.

A similarity is observed in the shape of CL spectra of unimplanted, N-O implanted and carbon
implanted samples while the spectrum obtained from the N-O implanted and annealed sample is
clearly different. The three similar spectra are dominated by a broad band centered at 619 nm.
Two broad bands located around 450 and 534 nm are discernible in the CL spectrum obtained
from the unimplanted sample. Peaks at 506 nm, 517 nm and 534.5 nm are observed for both
carbon and N-O implanted samples (unannealed) but their appear to be more prominent for the

carbon implanted sample. Slight differences are noted in the carbon implanted sample which has
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a distinct peak at 577 nm, while the N-O implanted sample has a small peak located at 585 nm.
The origin of the luminescence band centered at 619 nm is de-excitation related to intrinsinc
defects in the band gap, that are deep lying states which were ionized by the electron beam.
The peak at 506 nm present in the spectrum of the carbon implanted sample is a centre which
is often observed in combustion flame grown homoepitaxial CVD diamond films [43,106]. The
luminescence emission peak at 577 nm on the CL spectrum of carbon implanted sample should be
related to the neutral nitrogen vacancy centre which usually appears at 575 nm [106]. The neutral
nitrogen vacancy centre should be also present in the spectra of other samples, however, it is not
observed because of the strong emission intensity of the band at 619 nm. The 534.5 nm peak
observed on N-O implanted and carbon implanted samples is attributed to nitrogen-containing
defects and normally appears at 533.8 nm [106]. The small broad band observed around 586
nm (see Figure 6.33b) on N-O implanted sample is probably related to an oxygen defect centre,
since it has been observed from oxygen implanted natural type la and type lla diamonds [145].
The 489 nm weak band and the peak at 517 nm present in the CL spectra of carbon implanted
and N-O implanted samples are attributed to radiation damage related defects as they are only

appear on the implanted samples (unannealed).

The CL spectra of the sample doped with N-O and annealed at 600°C as shown in Figure 6.33c,
shows significant differences in position and intensity of its broad band compared to the other
samples. lts spectrum is characterized by an intense broad luminescence band which starts at
482 nm and maximizes at 533 nm. In addition, the intensity of the CL obtained from this sample
was so high that the exposure times used for data collection were reduced to 20 seconds and the
power supply of the PMT was set at 860 V in order to prevent saturation of the analogue to
digital converter. This can be seen in Figure 6.35b were a comparison of the CL intensities of all

the samples under investigation has been made.

The deconvolution of the broad luminescence spectrum observed in the CL spectrum of annealed

N-O implanted sample revealed four elementary components centred at 517 nm, 533 nm, 556.7
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Figure 6.33 CL spectra of (a) unimplanted sample,(b) N-O implanted sample, (c) annealed N-O
implanted sample and (d) carbon implanted sample, recorded at room temperature with the

acceleration voltage set at 10 kV for all the measurements.
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nm and 619 nm as shown in Figure 6.34. The 556.7 nm broad peak present only in this sample
was also observed in the PL spectrum of this sample taken at low temperature (77 K) under
UV excitation (248 nm) only but was absent under visible excitation (458 nm and 514.5 nm)
see Figure 6.24. The origin on this peak is discussed in detail in the photoluminescence section

(section 6.7).

The component at 533 nm could be the 534.5 nm centre, which is attributed to nitrogen-
containing defects or possibly nitrogen-vacancy complex [106, 241, 242]. This peak was also
observed in the PL spectrum of all the samples taken at low (77 K) and room temperature
under UV excitation (248 nm). The difference in the intensity of this peak in the PL spectra
was negligible as shown in Figure 6.17 and 6.25. However, it exhibits a strong CL intensity on
the annealed N-O implanted sample only as shown in Figure 6.35. This unusual behavior infers
that the defect responsible for this luminescence feature could come from another centre rather
nitrogen-vacancy only. The behavior of this peak suggest that it could be a deep-lying defect
located either close to the band edge or higher in energy than the conduction band edge. Hence
we propose that this peak should be attributed to a radiative recombination of a shallow n-type
defect and a deep lying p-type defect in the middle of the band gap, associated with vacancies-
related states. For the reason that, it has been theoretically found that the nearest-neighbor pair
of nitrogen and oxygen ions in the diamond lattice introduce several defect levels in the band
gap [11]. The lower energy states of these defect levels are associated with vacancies-related
states. The occupied shallow level is found to be located at < 0.3 eV below the conduction
band edge and it is associated with a strongly compressed nitrogen-carbon bond. Thus, we
postulate that the defect responsible for the 533 nm peak in the CL spectrum of the annealed
N-O implanted sample should be attributed to a radiative recombination of the lower and shallow

states induced by N-O pair in the band gap of this sample.
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7. Conclusion

7.1 Summary

This research project focused on the defect levels arising from the implantation of nitrogen and
oxygen into a diamond lattice. The aim was to investigate whether or not nitrogen and oxygen

ions form molecular N-O complexes in diamond, and if they could lead to n-type conductivity.

A 7 nm layer of higher density of N-O ions was formed on the surface of type Ila diamond samples
(2.7 x 2.7 x 0.3 mm?, oriented in a [100] direction). The formation of this layer was achieved by
means of ion implantation technique, with a meticulous choice of higher fluence and low energy
parameters. The sample was annealed by sliding the diamond down a quartz tube from ambient
temperature into a crucible of a radio frequency (RF) furnace which was preheated to 600 °C.
The annealing took place in an argon environment for 30 min, thereafter, the sample was cleaned
and rinsed by boiling it in an oxidizing acid solution and deionized water to etch away the graphite

layer created on the surface of the sample after the annealing process.

Surface characterization, optical spectroscopy measurements were carried out to investigate de-
fects occurring from the implantation of N-O ions by comparing the responses obtained from
the annealed N-O implanted sample with five other samples of which the first one was a pristine
(unimplanted) and the others were implanted with carbon, oxygen, nitrogen and N-O (unan-

nealed).

From the surface characterization, the XPS analysis showed that there were no other chemical
impurities present on the surface of the samples apart from nitrogen and oxygen. The analysis
of Ols and N1s core level spectra revealed evidence of the formation of the N-O molecular
complex on the surface of the N-O implanted sample (not annealed). The XPS signals of

N1s and Ols recorded on the annealed N-O implanted sample were weak, and thus made it
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impossible to conclude on the presence or formation of the N-O molecular complexes. However,
we believe that some N-O complexes were also formed on the surface of the samples but at a
very low concentration. This hypothesis was verified with photoluminescence measurements as
this technique can detect impurities in diamond even at ppm concentration. In addition, the state
of hybridization of carbon atoms were revealed by the analysis of Cls peaks. A change in the
binding energy and the shape of the peak Cls was observed after cleaning the samples using 1
min argon etching, which caused a broadening of the carbon peaks due to surface rearrangement
by the bombardment. Other chemical bonds structures between the atoms present within the
samples (N, C and O) such as C=N, N=N, C-O, C-O-C were observed. SEM analysis done
on the samples revealed the damage on the samples surface after higher fluence implantation.
This damage was characterized by the appearance of "notches” on the surface of the implanted

samples.

FTIR analysis performed on the samples under investigation showed weak absorption features
on the one-phonon absorption region of all the samples. These weak features are more likely to
be related to intrinsic defects or to nitrogen related defect since it has been observed in all the

samples regardless their history (unimplanted or N-O/carbon implanted).

Room temperature cathodoluminescence measurements performed on the samples under investi-
gation revealed an intense broad band emission centred at 533 nm on the annealed N-O implanted
sample only. The deconvolution of this broad emission band revealed peaks at 517 nm, 533 nm,
556.7 nm and 619 nm. The origin of the CL peak at 533 nm has been tentatively attributed to
a radiative recombination of a shallow n-type defect and a deep lying p-type defect in the middle

of the band gap, associated to vacancy-related states.

Photoluminescence measurements conducted at room temperature using different excitation
wavelengths were used to investigate the nature and behavior of the defects induced by the
implantation into the diamond under the different irradiation and annealing parameters. Severals

centers characteristics of nitrogen contain type lla diamond such has NV°, NV~, H3 and 389
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nm or radiation damage centers such as TR12 have been observed. However, the observation
of an intense broad band feature located at 309 nm led us to conduct the PL measurements at
nitrogen liquid temperature as at that temperature, most of the carriers are completely frozen

and the lowest energy states can be easily seen.

The low temperature measurements were done using 248 nm, 458 nm and 514.5 nm excitation
wavelengths. Our low temperature PL measurements revealed luminescence peaks from an in-
teraction with an excitation source of 248 nm at 293.3 nm, 297.3 nm, 305.9 nm, 309.8 nm,
and 314.2 nm in the annealed N-O implanted sample only. These defects were related to the
presence of N-O. In addition, no emission line which might be related to N-O defect has been
observed in the range of 450 nm to 650 nm on the PL measurements. Futhermore, the reported
oxygen related defect centers obtained from oxygen implanted type Ila diamond [145] have not
been observed in either the oxygen or the N-O implanted sample. It was therefore reasonable
to conclude that nitrogen and oxygen ions formed molecular N-O complexes in diamond. The
mechanism of electronic transitions that lead to photoluminescence emission ascribed to the N-O

molecular defects in diamond was proposed.

7.2 Conclusion

This study extended the knowledge on defects leading to shallow n-type dopants in diamond. An
approach on how to form molecular N-O complexes in diamond by ion implantation was presented.
It has been theoretically argued that nitrogen-oxygen pair in diamond can form a shallow defect

which leads to n-type behavior [11].

Based on low temperature photoluminescence measurements and room temperature cathodolu-
minescence, we were able to identify a unique optical center which we relate to the presence of

N-O. Therefore, we believe that this thesis creates a paradigm for future studies on the search
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for alternative suitable shallow dopants, which is the sine qua non for potential application of

diamond-based electronic devices.

7.3 Future work

The approach used in this study to create a layer containing high density of N-O ions with
low energy and high fluence damages the sample interface as revealed by the SEM analysis.
Therefore, for future work a new approach must be adopted. The sample should be implanted
with low fluence and energy in order to not exceed the critical threshold value which is ~ 5 —
9 x 1022 vac/cm®. This is to ensure that during post during annealing, the diamond structure
will be recovered without damaging the surface of the sample. Thereafter, the same process
must be repeated until one obtains a higher density of N-O ions near the surface of the sample.
In that way, one can increase the concentration of N-O ions in the diamond surface without
leaving too much damage. In addition, resistivity measurements using the Van der Pauw method
and temperature dependent Hall measurements should be done in order to extract the activation
energy of N-O ions and having a reliable measurements of Hall mobility of the created layer.
Electron paramagnetic resonance measurements could also be done in order to get more details

information regarding N-O complexes in diamond.



Appendix A. Room temperature
photoluminescence measurements
obtained with 458 nm excitation

wavelength

Figure A.1 shows a typical room temperature PL spectra of the unimplanted sample, N-O im-
planted sample, annealed N-O implanted sample and carbon implanted sample in the range of 460
to 700 nm obtained with 458 nm excitation wavelength. All the recorded spectra were measured
under identical conditions and were normalized with the first order Raman peak at 487 nm. The
luminescence peaks are observed at 487 nm, 503.4 nm, 563 nm, 575 nm, 587 nm, 600 nm, 620
nm, and 637 nm. The origins of these luminescence emission have been discussed in section
6.7.3 of Chapter 6. The broad luminescence band centering at 492 nm observed in the spectra
of carbon implanted sample and N-O as implanted sample shown in Figure A.2 is caused by the

implantation.
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Figure A.1 Typical PL spectra of (a) unimplanted sample, (b) N-O implanted sample, (c) annealed

N-O implanted sample and (d) carbon implanted sample in the range 460 to 700 nm. These spectra

were recorded at room temperature using 458 nm for excitation. All the spectra were normalized with

the first order Raman peak at 487 nm
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Figure A.2 Comparison of PL spectra of unimplanted sample (spectrum A), carbon implanted sample
(spectrum B), N-O implanted sample (spectrum C) and annealed N-O implanted sample (spectrum
D). These spectra were recorded at room temperature using 458 nm for excitation. The spectra are

vertically offset for more convenience and were normalized with the first order Raman peak at 487 nm.



Appendix B. Room temperature
photoluminescence measurements
obtained with 514 nm excitation
wavelength

Figure B.1 shows a typical room temperature PL spectra of the unimplanted sample, N-O im-
planted sample, annealed N-O implanted sample and carbon implanted sample in the range of 520
to 900 nm obtained with 514 nm excitation wavelength. All the recorded spectra were measured
under identical conditions and were normalized with the first order Raman peak at 552 nm. The
luminescence peaks are observed at 533 nm, 575 nm, 587 nm, 600 nm, 620 nm, 637 nm, 660 nm
and 684 nm. The origins of these luminescence emission have been discussed in section 6.7.4 of
Chapter 6. The broad luminescence band centering at 557 nm observed in the spectra of carbon

implanted sample and N-O as implanted sample is caused by the implantation.
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Figure B.1 Typical PL spectra of (a) the unimplanted sample, (b

annealed N-O implanted sample and (d

All the spectra were normalized with the first order Raman peak at 552 nm. The inset shows peak at

577 nm and 579 nm.
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