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Abstract

Diamond with its outstanding and unique physical properties offers the opportunity
to be used as semiconductor material in future device technologies. Promising ap-
plications are, among others, high speed and high-power electronic devices working
under extreme conditions, such as high temperature and harsh chemical environments.
With respect to electronic applications, a controlled doping of the material is neces-
sary which is preferably done by ion implantation. The ion implantation technique
allows incorporation of foreign atoms at defined depths and with controlled spatial
distribution which is not achievable with other methods. However, the ion implanta-
tion process is always connected with the formation of defects which compensate and
trap charge carriers thus degrading the electrical behaviour. It is therefore essential
to understand the nature of defects produced under various implantation conditions.
In this respect, this study involves the investigation of the nature of the radiation
damage produced during the multi-implantation of carbon ions in synthetic high-
pressure, high-temperature (HPHT) type Ib diamond spread over a range of energies
from 50 to 150 keV and fluences, using the cold-implantation-rapid-annealing (CIRA)
routine. Single energy implantation of carbon ions in synthetic HPHT (type Ib), at
room temperature, was also performed. Both ion milling and FIB (Focused Ion
Beam) milling were used to prepare thin specimen for transmission electron micro-
scope (TEM) analysis.

The unimplanted, implanted and annealed samples were characterized using trans-

mission electron microscopy based techniques and Raman spectroscopy.
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In unimplanted type Ia natural diamond, a high density of platelets, exhibiting the
typical contrast of both edge-on and inclined platelets on {100} planes was found.
As-implanted HPHT type Ib diamond, implanted with single energy of 150 keV car-

2 revealed an amorphous diamond layer of

bon ions and fluence of 7x10% ions cm™
about 80 nm in thickness while, for low fluence implantations, the damaged diamond
retained its crystallinity after annealing at 1600 K. In addition, damaged diamond
transformed into disordered carbon comprising regions with bent (002) graphitic
fringes and regions of amorphous carbon when high fluence, i.e., one above the amor-
phization/graphitisation threshold were used followed by rapid thermal annealing at
1600 K. Furthermore, the interface between the implanted and annealed layer and
the diamond substrate at the end of the range, showed diamond crystallites, inter-
spersed between regions of amorphous carbon and partially graphitized carbon. This

indicates that solid phase epitaxial recrystallization regrowth in diamond does not

occur.
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Chapter 1

Introduction

1.1 Motivation

Diamond with its outstanding and unique physical properties offers the opportunity
to be used as semiconductor material in future device technologies. Promising ap-
plications are, among others, high speed and high-power electronic devices working
under extreme conditions, such as high temperature and harsh chemical environments.
With respect to electronic applications, a controlled doping of the material is neces-
sary which is preferably done by ion implantation. The ion implantation technique
allows incorporation of foreign atoms at defined depths and with controlled spatial
distribution which is not achievable with other methods. However, the ion implanta-
tion process is always connected with the formation of defects which compensate and
trap charge carriers thus degrading the electrical behaviour. It is therefore essential
to understand the nature of defects produced under various implantation conditions.

The development of diamond electronic devices will be effective if and only if di-
amond can be doped both p- and n-type. In this regard, while p-type doping has
been achieved where boron is an effective, reliable and controllable acceptor which
fits well into the diamond lattice; n-type doping of diamond has been rather problem-

atical over the last couple of decades. Previous studies involving the ion implantation
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damage in annealed diamond in the past have focused on the macroscopic changes
within the damaged diamond. Few microscopic studies [1] on the nature of radiation
damage, to our knowledge, have been attempted until now, at least for the radiation
produced by sub-MeV multi-implantations followed by rapid annealing. This study
thus aims to fill this gap by using detailed transmission electron microscopy (TEM)
as our main investigation technique.

It is important to mention that although a lot of work involving radiation-induced
effects in diamond using various characterization techniques has been carried out for
almost half a century [2, 3], even plan-view transmission electron microscopy stud-
ies on the evolution of the implantation damage in annealed diamond are scarce
[4, 5, 6, 7, 8], thin specimen preparation being clearly a major stumbling-block [9].

It is known that high fluence irradiation for single energy implantations, that is,
above a certain critical damage threshold of fluence D., in covalently bonded solids
usually results in amorphization [10]. For instance, the implanted layer in silicon
amorphizes and subsequent post-implantation annealing recrystallises the amorphous
layer and ‘drives in’ the dopant into electronically substitutional sites. In contrast, for
diamond a rearrangement of the bonds broken by the irradiation into an sp?-bonded
structure assimilable to an amorphous structure takes place [11]. It has been shown
that below D., annealing restores the crystalline order, while above it, an etchable
form of sp>-bonded carbon layer is formed. The critical damage threshold at which
this process occurs, for room temperature implants, has been estimated to be 1x10%?
vac/cm?, independent of ion species or implantation energies [12]. However, Fairchild
et al. [13] have postulated the damage threshold to be larger than 1x10%? vac/cm?
for high-energy implantations whose damage is buried below the surface. For high
energy implantations > 1 MeV, recent studies [6, 14] have found it to be 643 x 10?2
vac/cm?. In this study, the CIRA (Cold Implant Rapid Anneal) technique was used
and it involved multiple implantations where the total implanted fluence was spread

over a range of energies (50-150 keV) and fluences. For the conditions used (multi-
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implantations and single energy implantation), the threshold damage between 5 x 1022
vac/cm® and 6 x10* vac/cm?® is obtained as determined by SRIM (See Fig 4.10 for
instance) which is almost six times higher than the known critical threshold for keV
single energy implantations.

Raman spectroscopy studies have been carried out by many researchers [15, 1, 16]
to study the nature of radiation damage in ion-implanted and annealed diamond
within the MeV range. These researchers reported that for low fluence implantations
the damaged diamond is rich in point defects and anneals back to diamond while high
fluence implantations result in fully amorphised layers which transform to graphite
upon heat treatment. Orwa et al. [1] reported also that for MeV ion irradiation high
fluence implantations followed by annealing resulted in the restoration of the original
diamond structure.

Interestingly, previous studies [4, 5, 13, 6] involving primarily transmission elec-
tron microscopy based techniques have tackled the investigation of the microstruc-
ture of ion-irradiated and annealed diamond produced by MeV energies. Lai et al [4]
used Raman scattering, electron energy loss spectroscopy (EELS) and high resolution
electron microscopy (HRTEM) to investigate the microstructure changes produced by
high energy and high fluence ion irradiation conditions in diamond. Thin specimens
in their study were obtained using electrochemical etching at the end of the range.
They reported that the top cap layer retained most of its crystallinity for room tem-
perature implantations. They also showed that the end-of-range damaged layer did
not recrystallize as diamond as reported by Orwa et al. [1]. Instead they found
that the end-of-range damaged layer relaxed into a mixture of graphitic carbon and
i-carbon, that is, a cubic structure of lattice parameter ag ~ 4.25 A, after annealing
at 600 °C. Hickey et al. [5] studied the implant damage in single crystal HPHT (High-
pressure, high-temperature) diamond using the Focused Ion Beam (FIB)-SEM lift out
method to get electron transparent thin specimens. They reported to have implanted

HPHT diamonds with Sit at an energy of 1 MeV and at temperatures of 30 °C using
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a fluence of 1x10% ions em~2 and annealing temperatures of 950 °C and 1050 °C.
Post implantation annealing under an unusual flowing high-purity nitrogen (Ns) gas
environment showed no signs of conversion either to an amorphous form of carbon
or to graphite. Similarly, Fairchild et al. [13], in their search for the fabrication of
ultrathin single-crystal diamond membranes, implanted type Ib HPHT diamonds at
room temperature, using a low beam current of about 0.5 A, high fluence of 5.0x 101
ions cm™2 and 1.70-2.00 MeV energy implants. They found that unetched/uncleaned
as-implanted diamond amorphized, while the amorphized highly damaged region sub-
sequently converted to graphite upon annealing. Also, in their follow-up studies [6]
which involved the direct examination of defects in irradiated diamond by transmis-
sion electron microscopy using MeV energies, they reported that diamond transforms
to an amorphous form of carbon when a critical threshold is surpassed. Then the
amorphous carbon transforms to a moderately crystalline graphitic layer upon an-
nealing for 24 h at 1350 °C.

Finally, T.E. Derry et al. [7] in their initial investigation of the ion implanta-
tion damage in annealed single crystal HPHT diamond using conventional ion milling
to thin the sample down to electron transparency, and cross-section transmission
electron microscopy to investigate the nature of the radiation damage produced by
sub-MeV energies at low and high ion fluences, observed long dislocations threading
into the bulk, much deeper than the expected damage depth, in the case of the lower
fluences.

This study investigates the nature of the radiation damage generated within the
collision cascades of multi-implantations of carbon ions in single-crystal diamond,
spread over a range of energies in the keV range and using various total fluences with
the Cold-Implantation-Rapid-Annealing (CIRA) routine, using cross-section trans-
mission electron microscopy (CTEM, HRTEM and EELS) techniques and Raman
spectroscopy. The iso-chemical ions were chosen for the sole purpose of restricting

mainly the effects of implantation to radiation damage [17] as emphasized in this
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study.

1.2 Thesis breakdown

Chapter 1 presents the motivation and the outline of this thesis.

Chapter 2 provides an overview of the theoretical background of this study. It gives
a general review of the main allotropes of carbon, the physics of ion implantation,
which includes the energy-loss mechanisms, the radiation damage and channelling.
Chapter 3 outlines the experimental details; this includes a thorough description of
the specimen preparation and the theory of Raman spectroscopy and transmission
electron microscopy. Chapter 4 deals with the analysis and the discussion of the
results obtained from the radiation damage studies in diamond, while Chapter 5

summarizes the conclusion and gives recommendations for further work.



Chapter 2

Theoretical Background

2.1 Layout of the chapter

This chapter gives an overview of the theoretical background of this study. Section 2.2
focuses on the element C and gives in detail, some of the properties of graphite and
amorphous carbon. Section 2.3 presents in-depth properties of diamond. Section 2.4
and section 2.5 discuss, respectively, the synthesis and some pertinent applications of
diamond. Last but not least, this chapter ends with a brief description of the physics

of ion implantation, radiation damage and channelling.

2.2 Carbon and its main allotropes

Carbon is considered as one of the most remarkable and important of the chemical
elements, as it occurs naturally in three pure forms and in many compounds such as
COy or CHy, to name a few. It is light and relatively small and this coupled with its
ability to form single, double and triple bonding with itself and with other elements
makes it exist in solid, liquid and gaseous phases. Furthermore, carbon is found in all
living organisms and, as a result, it is the basis of all life on Earth and is also the basic

building block of Organic Chemistry. The carbon atom has a ground-state configura-
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tion of 15225%2p?, i.e., the carbon atom has two core electrons, having opposite spins
thus do not take part in any bonding. In addition, it has four valence electrons: the
two 2s electrons have opposite spins while the 2p electrons have parallel spins; making
the latter the only electrons available for bonding (an example of a divalent carbon
is methylene). However, the carbon allotropes and the stable carbon compounds are
not divalent but are rather tetravalent, that is, four valence electrons are available for
bonding [18]. The tetravalency of carbon in the case of methane, as an example, is
due to the hybridization' of the orbitals of the carbon atom, whereby one of the 2s
electrons unpairs and gets promoted to the vacant 2p, orbital. A carbon atom can
undergo three different atomic hybrid configurations, i.e., sp®, sp? and sp' shown in
Fig. 2.1 [20]. When a carbon atom is tetrahedrally coordinated, as in diamond, its
four valence electrons are each assigned to sp® orbitals, making a strong o bond? to an
adjacent atom [20]. When a carbon is trigonally coordinated, as in graphite, three of
its valence electrons hybridise to form sp? orbitals, thus forming strong intra-layer o
covalent bonds with the neighbouring atoms. The fourth electron of the sp? atom lies
in a 7 orbital with an axis normal to the bonding plane and forms weak 7 bonds, also
called unsaturated bonding, with one or more neighbouring atoms [20, 21]. When a
carbon is diagonally coordinated, as in acetylene, two of the four valence electrons
hybridise to form sp! orbitals which form ¢ bonds and the other two electrons enter
7 orbitals in the y and z directions [21]. The crystal structure of hexagonal graphite
consists of series of stacked parallel planes shown schematically in Fig. 2.2 [22]. As
shown in Fig. 2.2, the ABAB stacking sequence® has an in-plane nearest-neighbour
distance (inter-atomic distance within a layer) of 0.141 nm, an in-plane lattice para-
meter a, of 0.246 nm, a c-axis parameter of 0.6708 nm and the interplanar separation

(distance between individual planes in the graphite lattice) is ¢ ~ 0.335 nm. In ad-

<
2

mathematical process of replacing pure atomic orbitals for bonded atoms [19].

2a ¢ molecular orbital is formed by the lateral overlap of two sp hybrid orbitals while a 7 orbital

is formed by the side to side overlap of the sp hybrid orbitals .
3atoms in alternate layers occupy equivalent positions [23].
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sp3 sp?

Figure 2.1: The sp?, sp? and sp' hybridised bonding configurations. The unshaded
and the shaded lobes denote strong bonds and weak bonds, respectively. sp?, for

example, signifies the overlap or combination of one s and 3p orbitals [21].

dition, the hexagonal graphite crystal is described by the Dg, or P63 space group
symmetry and has four atoms per cell [11]. Note that there exists also a rhombohe-
dral graphite [22], which is thermodynamically unstable, and whose crystal structure
is described by the Dj,-R3m space group symmetry. It has the ABCABC stacking
sequence (as in cubic diamond), an in-plane lattice parameter of 0.2256 nm, a c-axis
lattice parameter of 1.0006 nm. Hexagonal graphite is the thermodynamically stable
form of carbon at room temperature and ambient pressure, it is the stiffest material
in nature, that is, it has the highest in-plane elastic modulus [11]. Graphite is opaque
and can be etched off from diamond using a boiling solution of acids. The appropri-
ate ratio is 3:4:1 of perchloric (HCIO,), sulphuric (H2S0,)and nitric (HNOs) acids.
Graphite is a semi-metal with a high conductivity and strength within the basal plane
and low values along the c-axis [22, 21] (See Table 2.1). The other carbon allotropes
include, among others, amorphous carbon, Lonsdaleite (hexagonal diamond), carbon

nanotubes, fullerenes. Hexagonal diamond, known as Lonsdaleite, has the same den-
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Figure 2.2: Crystal structure of graphite highlighting ABAB planar stacking arrange-

ment and unit cell [23].

sity as cubic diamond whose properties are provided in detail in section 2.3 but they
differ in the stacking order of the sp® bonded sheets, ABABAB-; that is the third
layer superimposes the first layer [22, 24, 25]. Only amorphous carbon, graphite and

diamond are relevant in our study and deserve further attention.

Amorphous carbon consists of a mixture of tetrahedral diamond-like (sp?), trigo-
nal planar graphite-like (sp?) and even linear polymer-like (sp') bonding structures,
with the possible presence of 60 at.% hydrogen and nitrogen [26, 27, 28]. The com-
positions of the various amorphous C-H alloy (nitrogen-free carbon) films are shown

on a ternary phase diagram as in Fig. 2.3 [26].
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Property ab (basal) wvalue | c —axis value
Lattice structure Hexagonal -

Pearson Symbol hP,4 [29] -
Strukturbericht designation A9 [29] -

Lattice constant (nm) 0.246 0.6708 [22]
Space group P63/mmc(Dg,) [29] | -
Carbon-carbon bond distance (nm) 0.141 [22] -

Density (300K)[g/cm?] 2.26 [22] -

Atomic number density (C atoms/cm?) | 1.14x10% [30] -

Debye temperature (K) 2500 [30] 950 [30]
Thermal conductivity (300K)[W /cm.K] | 30 [30] 0.06 [30]
Specific heat (300K)[J/mol.K] 8.033-8.635 [22] -

Binding energy [eV/C atom] 7.4 [30] -

Bulk modulus (GPa) 286 [30] -

Mohs hardness 0.5 [30] 9 [30]

Band gap (eV) -0.04 [30] -

Elastic modulus (GPa) C11=1060 [30] C33=36.5 [30]
compressibility (cm?/dyn) 2.98x 10712 [30] -

Carrier density (10'®/cm3at 4K) 5 [30] -

Electron mobility (cm?/V.s) 20000 [30] 100 [30]

Hole mobility (cm?/V.s) 15000 [30] 90 [30]
Resistivity [©2.cm] 50x107° [30] 1 [30]
Melting point [K] 4450 [30] -

Magnetic susceptibility[10~%cm? /g] 0.141 [30] -

Highest Raman mode (cm™") 1582 [11] -

Dielectric constant (low w at 300K) 3.0 [11] 5.0 [11]
Velocity of sound (cm/s) ~2.63x10° [11] 2.63x10° [11]
Thermal expansion at 300K [/K] - 1x107° [30] +29x1075 [30]

Table 2.1: Mechanical, thermal, optical and electronic properties of graphite.
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Figure 2.3: Ternary phase diagram of amorphous carbons. The three vertices corre-

spond to diamond (sp?), graphite (sp?) and hydrocarbons [27].

In Fig. 2.3 of the ternary phase diagram, diamond-like carbon consists not only of
a metastable form of amorphous carbon (a-C) but also consists of the hydrogenated
alloys (a-C:H), containing a significant fraction of sp? bonds [20, 26].

The amorphous carbon (See Table 2.2 [26]) with highest sp® fraction (80-90%)
are called tetrahedral amorphous carbon (ta-C) while the hydrogenated amorphous
carbons (a-C:H) have small sp® fraction (40-60%), significant hydrogen levels, up to
(30-50%) and a density less than that of graphite. Moreover, ta-C:H has up to 70%
sp® and 30% hydrogen content. The ternary phase diagram (Fig. 2.3) shows a non-
crystalline structure, that is, glassy carbon (graphitic carbon), which contains almost
all sp? bonding and contains as well sp? layers in the form of ribbons [24]. Tt is also
believed to be crystalline in two dimensions but amorphous in three dimensions [24].
The n(new)-diamond is a metastable, metallic form of carbon, with face-centred cubic

structure, and with a lattice parameter similar to that of cubic diamond [31, 32].
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sp>% | H% | Density(g.cm™2) | Gap(eV) | Hardness | Ref
(GPa)
Diamond 00 |0 |3515 5.47 100 1]
Graphite 0 0 2.26 0 - [22]
Glassy carbon | 0 0 1.3-1.55 0.01 3 [33]
Evaporated C | 0 0 1.9 0.4-0.7 3 [33]
Sputtered C | 5 0 2.2 0.5 - [34]
ta-C 80-88 | 0 3.1 2.5 80 [24, 35, 34]
a-C:H hard 40 30-40 | 1.6-2.2 1.1-1.7 10-20 [36]
a-C:Hsoft |60 | 40-50 | 1.2-1.6 1.7-4 10 136]
ta-C:H 70 |30 |24 2.0-2.5 | 50 137]

Table 2.2: Comparison of major properties of amorphous carbons with those of ref-

erence materials diamond and graphite. The single most important parameter de-

termining amorphous carbon properties is the fraction of tetrahedrally bonded f(sp?)

carbon.

2.3 Properties of diamond

2.3.1

Crystal structure

Crystal structure is defined as the periodic arrangement of the atoms in the crystal.

The description of the crystal structure can be done by associating with each lattice a

group of atoms known as basis or motif units of the structure [38]. A lattice is a three

dimensional, infinite array of points, the lattice points, each of which is surrounded

in an identical way by neighbouring points, and which defines the basic repeating

structure of the crystal. The diamond crystal structure consists of the face-centred

cubic (fcc) (see Fig. 2.4 [39]), with a basis of atoms at (0,0,0) and (%, I %), associated
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Figure 2.4: A typical representation of a face-centred cubic lattice, with lattice points

represented by black spheres [40].

with lattices vectors of (%, %, 0), (%, 0, %) and (0, %, %) The full diamond crystal lattice
structure as shown in Fig. 2.5 [39, 40}, is then obtained, with bases added at each point
in the fcc lattice [39, 40]. The diamond structure has a highly symmetric space group

O} or (Fd3m)* in international notation and can be viewed as two interpenetrating

111
40401

face-centred cubic structures offset by ( )ag along the body diagonal, where ay is
the lattice parameter and has a value of 3.567A, at room temperature and atmospheric
pressure [22]. A few other quantities [39, 42] can be explicitly derived from the lattice
parameter. The carbon-carbon bond distance is equal to one-quarter of the cubic
body diagonal, that is, \/§/4a3 = \/5/4 x 3.567A~ 1.54A. The conventional unit
cell, which is the smallest volume exhibiting the symmetry of the lattice, contains
eight atoms in total; each face atom is shared between two cells and each corner
between eight, and the atomic number density is therefore d= 8/(3.567x10 ~10)3 m3

~1.763x10% atoms/m>*=~ 1.763x10?* atoms/cm?.

4The ‘F’ indicates that the structure is based on a face-centred (cubic) lattice ; d, 3 and m indicate

the presence of a diamond glide plane, threefold rotation axis and a mirror plane respectively [41].
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Figure 2.5: The diamond crystal lattice structure, with bases added at each point in
the fcc lattice. The conventional unit cell vectors (x,y,z) are shown in blue while the
primitive unit cell vectors (V; = %;—l— %;+ OE, Vo = %;4— O;’+ %/; Vi = 00 + %;4— %Ig
which define the minimum volume that can be translated to represent the diamond

structure) are shown in red [40,41].

This atomic number density is the highest of any material at ambient pressure, thus
making diamond the stiffest in three dimensions, hardest and least compressible of all
substances [22]. The theoretical mass density for diamond is obtained by multiplying
the atomic number density by the average atomic mass of the carbon atom, that is, d
= 1.763 x10% atoms/m?x (12.0107x1.66053x10~%"kg) ~ 3516kg/m>. Note that this
theoretical value is slightly higher than the experimentally measured density (3515.2
kg/m 3 [22]) due to the presence of impurity atoms and crystal imperfections such as
voids in real diamond samples. Each atom can be regarded as a sphere of radius one-
eighth of the cubic body diagonal implying that the packing fraction® of the diamond
structure is; SXAB3Tx(3/800)° /3716 A 0.34.

Ao

5The packing fraction is the fraction of space filled by spheres on each lattice point that are as

large as they can be so as to touch but not overlap [40].
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Property Value
Lattice structure cubic [29]
Pearson Symbol CF8 [29]
Strukturbericht designation A4 [29]
Lattice constant (nm)[300K] 0.35669 [29]
Space group Fd3m-O; [29]
Carbon-carbon bond distance (nm) 0.15448 [22]
Density (300K)[g/cm?] 3.515 [22]
Atomic number density (C atoms/cm?) 1.763x10%
Debye temperature (K) 2340 [22]
Thermal conductivity (300K)[W /cm.K] ~ 25 [30]
Specific heat (300K)[J/kg.K] 471.5 [29]

Mass of 2C [kg]

Atomic weight of carbon [kg]

Bulk modulus (GPa)

Mohs hardness [N/mm?(M-Mohs scale)]
Coefficient of thermal linear expansion(300K)[10~°K]
Heat of formation [kJ/mol(300K)]

Standard entropy [kJ/mol. K(300K)]

Standard enthalpy of formation [kJ/mol.K(300K)]
Indirect Bandgap (eV)

Direct Bandgap (eV)

Breakddown voltage [kV/mm)]

Elastic modulus (GPa)

Volume compressibility (107°m?/N)

Young’s modulus [GPa]

Electron mobility (cm?/V.s)

Hole mobility (cm?/V.s)

1.9926(47)x 1026
1.9944(2) x 1027
440 [43]

10 [29]

1.8 [29]

714.4 [29]

2.428 [30]

1.844 [30]

5.47 [11]

7.3 [42]

500 [29]
700-1200 [30]

18 [30]

910-1250 [30]
1800 [29]

1400 [29]

Table 2.3: Auxiliary properties of diamond
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Resistivity [Q2.m].Type I and most Type II | 10'8 [30]
Resistivity [©2.m].Type IIb 10%-10° [30]
Melting point [K] 4500 [11]
Poisson ratio 0.10-0.16 [30]
Raman frequency (first order) (cm™1) ~ 1332 [11]
Static Dielectric constant 5.7 [29]
Velocity of sound (cm/s) ~1.96x 105 [11]
Refractive index 2.417 [44]
Knoop hardness [kg/mm?| 5700-10400(overall)[30]
Breakdown field [V /cm] 107 [11]
Saturated electron velocity [107 cm/s] 2.7 [30]
Dielectric strength [V /cm] 10° [30]

Table 2.4: Auxiliary properties of diamond (continued)

2.3.2 Classification of diamonds

Diamonds are classified according to the content and type of the dominant defect
they present. Type I diamonds contain high concentration of nitrogen impurities,
while type II diamonds are almost N-free or have little nitrogen impurities. Type I
diamonds are subclassified into type Ia and type Ib dependent on the aggregation of
nitrogen atoms in the lattice.

e Type la, which contains nitrogen in non-paramagnetic aggregated form (~ 2500
atomic ppm), is the most abundant in nature, i.e., more than 95% of all natural
diamonds belong to this type [45, 46, 47]. A finer classification includes type IaA
and Type [aB and type IaA/B. In type IaA diamonds, nitrogen exists in the form of

nearest-neigbour substitutional pairs, that is, ([N, — N,]%), the A centre, while in type
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[aB nitrogen occurs in the form of four substitutional nitrogen atoms in a tetrahedral
arrangement surrounding a vacancy, that is, (4N, —V1°), the B centre [46, 47]. Type
laA /B diamonds not only contain A and B centres but also they have a group of three
substitutional nitrogen around a vacancy, i.e., the N3 centre. Furthermore, diamonds
containing platelets (B’-defects) are known as IaB’ [48]; type IaB’ regular refers to
diamonds with a quite high content of B’-defects; type IaB’ irregular are diamonds
that have a low content of B’-defects, while type IaB diamonds without B’-defects
differ from type IaB diamonds which do not contain platelets [49, 50, 51].
e Type Ib diamonds contain single-substitutional nitrogen donor centres (N4 or C
centre), with a concentration up to around 500 ppm. Type Ib diamonds are very
rare in nature (~ 0.1 % of all diamonds), but most high-pressure, high-temperature
(HPHT) and many chemical vapor deposition (CVD) diamonds belong to this cate-
gory [46]. Type Ib diamonds have usually a deep golden-yellow colour which tends
to be greenish when they contain a high density of substitutional nitrogen [45]. Note
that unfamiliar Type Ic diamonds have been referred to as those which contain a high
concentration of dislocations. Although labelled as Ic, this type of diamond is not
related to nitrogen [48].

Type II diamonds are subclassified as type Ila and IIb and have a very low con-
centration of nitrogen.
e Type Ila diamonds have a concentration of nitrogen of about 1-2 atomic ppm. Type
ITa diamonds are referred to as pure stones, but with about 0.25 ppm boron and are
optically the most transparent of all diamonds [46].
e Type IIb diamonds are extremely rare in nature and are p-type semiconductors due
to the presence of uncompensated single-substitutional boron acceptors (BY) [47].

Table 2.5 taken from [39] summarizes the diamond classification.
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Type | Subtype | N concentration (atom cm™3) | Defect Centres
I aA ~ 10% A

I aB ~10% N3, H3, B

I b ~10% C

11 a <10%7 Dislocations

IT b <10'7 Boron

Table 2.5: The types and subtypes of diamond, with their main defects.

2.4 HPHT diamond synthesis

The interconversion between diamond and graphite is not possible under ordinary
conditions due to the existence of a large energy barrier between them. Hence, the
only way to synthesise diamond from graphite or glassy carbon is to have recourse to
the high-pressure, high-temperature method which attempts to reproduce the condi-

tions under which natural diamonds are formed [52, 53].
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However, first attempts showed that the transformation of graphite, within the
diamond stable region, applying simply HPHT synthesis was not good enough be-
cause the yield decreased with increasing temperature. Fortunately, the use of some
catalyst/solvent during the process helped to dissolve carbon faster and transport it
to the growing surface under lower HPHT conditions, that is, between 5 GPa and
10 GPa, in the temperature range ~ 1300°C-2300°C (see Fig 2.6 [25]). The samples
(large type Ib yellow diamond) in this study have been grown using iron/cobalt sol-
vent /catalyst and this involves “indirect heating” with the carbon source, separated
from the solvent and the seed under a growth temperature lying between the melting
point of the solvent/catalyst/carbon system and the diamond-graphite equilibrium
temperature [54]. Hence, the existence of a temperature gradient between the carbon
source and the seed drives carbon from the higher temperature region to the cooler

seeded region where it precipitates homoepitaxially on the diamond seed [54, 55].
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Figure 2.6: Pressure/Temperature phase and transition diagram for carbon. Letters
A, B, C, D, E, F and G show different regions within the phase diagram. The solid
lines represent the equilibrium phase boundaries. Region A is where the commer-
cial synthesis of diamond from graphite by catalysis is feasible. “Region B is the
P/T threshold of very fast (less than 1ms) solid-solid transformation of graphite to
diamond, Region C is the P/T threshold of very fast reversible phase transforma-
tion of diamond to graphite, region D is the region where single crystal hexagonal
graphite transforms to retrieval hexagonal-type diamond, region E marks the upper
ends of shock compression/quench cycles that convert hex-type graphite particles to
hex-type diamond, region F designates the upper ends of shock compression/quench
cycles that convert hex-type graphite to cubic-type diamond, region B-F-G indicates
the threshold of fast P/T cycles that convert either type of graphite or hexagonal
diamond into cubic-type diamond, and, region H-I-F denotes the path along which
crystal hex-type graphite compressed in the c-direction at room temperature loses
some graphite characteristics and acquires properties consistent with diamond-like

polytypes, but reverses to graphite upon release of pressure” [26].
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2.5 Application of diamond

2.5.1 The doping of diamond

The development of diamond electronic devices will be effective if and only if diamond
can be doped both p- and n-type. In order to achieve this, dopants must satisfy two
conditions, that is, they must be soluble and have shallow electron energy levels [20].
In this regard, while p-type doping has been achieved where boron is an effective,
reliable and controllable acceptor which fits well into the diamond lattice; n-type
doping of diamond has been rather problematical over the last couple of decades.
Indeed, while substitutional boron atoms form acceptor centres in diamond situated
at 0.37 eV above the valence band maximum, substitutional nitrogen atoms form
donor centres at 1.7 eV below the conduction band minimum [56], which is too deep
to provide an adequate supply of electrons within the conduction band, at room
temperature [57]. Moreover, the only well established donor in diamond which can
be used technologically is substitutional phosphorus, with no shallow levels for most
practical applications [58, 59, 60]. Furthermore, phosphorus donors with a range of
activation energies varying from 0.4 to 0.62 eV have been measured [61, 59, 62] and
further studies determined that phosphorus donors have an activation energy of 0.63
eV [63]. Fig. 2.7 [64] shows that phosphorus donors lie shallower than the nitrogen
donors (1.7 V), thus, diamond electronic devices made out of it are still poor, at
room temperature, most likely because phosphorus incorporation is characterized by

distortions in the diamond lattice [65].

2.5.2 Other applications

Some other applications of diamond are as follows:
e The hardness of diamond (the hardest material known) has seen it being exploited

in materials science as wear-resistant coating on other devices, abrasive, cutting and
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Figure 2.7: Activation energies for some impurities in diamond.

polishing tools, hardness indenter and pressure amplifiers to produce the highest sta-
tic pressures known on earth [44]. In addition, the fact that diamond surfaces exhibit
low friction against living tissue combined with its strong atomic bonding leads to
sharper edges (one to two order of magnitude) than the finest steel edges. Thus dia-
mond surgical blades are of the best quality, as the saying goes, “The diamond knife
appears to cut epithelial cells rather than tearing them, as does the shearing action
of the razor knife” [44].

e The high thermal conductivity, the high breakdown field and the high carrier mo-
bilities of diamond are the ingredients of high-power, high frequency devices [66]. In
addition, the high thermal conductivity and electric resistivity make diamond an ideal
heat sink for high-power electronic devices.

e The high elastic constants of diamond can be exploited in surface acoustic wave
(SAW) applications [66].

e The negative electron affinity (NEA) of diamond hydrogen-terminated surfaces al-
lows emission of low-energy (cold) electrons and thus can be used as cold cathodes

and electron field emitters, or field-effect transistors [66]. Note that electron affinity



2.6. ION IMPLANTATION 23

refers to the minimum energy required to dislodge an electron from a material with
negative electron affinity suggesting that an electron in the conduction band does not
encounter any barrier when escaping into the vacuum [67].

e The radiation hardness and high breakdown field of diamond associated with its
wide bandgap can be utilized to manufacture detectors for UV radiation, particularly
in medical applications based on radiation dosimetry [66].

e The chemical inertness of diamond enables it to be applied in harsh environments
such as in various electro-chemical applications [66].

e The optical applications include the use in robust optical windows transparent over
a wide range of wavelengths ranging from UV to IR thanks to the optical transparency
of pure diamond from the ultra-violet into the infrared and microwave regions of the

electromagnetic spectrum [66].

2.6 Ion Implantation

2.6.1 Introduction

Ion implantation is a superb method for the doping of semiconductors in a wide vari-
ety of applications. It modifies the near surface properties of materials with accurate
control of dopant composition and structural modification at any selected temper-
ature not achievable using diffusion or growth methods [68, 69]. Particularly, the
Cold Implantation Rapid Anneal (CIRA) scheme has been the most widely used
to dope diamond with boron in a controlled manner by means of ion implantation
[62]. However, ion implantation being a harsh, non-equilibrium method used to intro-
duce atoms into a material [70], introduces disorder in the preexisting lattice atomic
arrangement, known as radiation damage. This is responsible for trapping and com-
pensating charge carriers thus degrading the electrical behaviour. Radiation damage

can be repaired by applying suitable annealing in order to activate the dopant atoms



2.6. ION IMPLANTATION 24

and reconstruct the lattice structure of the material [71, 72]. The method of intro-
ducing energetic ions into a target material requires a machine that generates and
accelerates ion beams and steers them onto a target surface. A detailed description of

such a machine, commonly known as an Ion Implanter, is given in the section 3.3.2.

2.6.2 Energy-loss mechanisms

1. Introduction

The following compilation on the energy-loss mechanisms is mainly based on the
texts of Dresselhaus et al. [11] and Feldman and Mayer [73]. The passage of energetic
ions through any solid results in an interaction with both the atomic (nuclear) and
electronic clouds. Once an energetic ion is implanted in any solid, it gradually loses its
kinetic energy via scattering events due to the Coulombic interaction of the ion with
both the atoms and electrons of the target. In general, the slowing down process in
a solid can be divided into two dominant independent processes, namely the nuclear
energy loss and electronic energy loss components.

The former process is dominated by elastic collisions between ions and the target
atoms, and results in significant deviation in the projectile trajectory. The latter
process consists of inelastic interactions of incident ions and electrons of the target
via ionisation and excitation, and results in no change in the projectile trajectory [74,
75]. Furthermore, the ion-solid interaction is generally treated in terms of “stopping
power”, described as the energy loss of the ion per unit path length or defined as the

energy, dE, lost by an ion traversing a distance dx. The stopping power is given by
dE
— =N [ Td 2.1
= [ i (2.)

where:
e do represents the collision cross section,

e T is the energy lost by the ion in the course of the event,



2.6. ION IMPLANTATION 25

e N is the density of scattering centers of the host material.

The stopping cross section, €, can be derived from Eqn. 2.1 as
1 dE
=_—_———_|Td 2.2
T Nz / 7 (22)

2. Nuclear energy loss

In the ion-nucleus interaction, nuclear stopping is caused by a collision between
two atoms, that is, the positively charged ions are Coulombically repelled by the posi-
tive cores of the target lattice atoms, and can be described by classical kinematics [73]
where conservation of energy and momentum apply. Fig. 2.8 [73] shows a schematic
representation of an elastic collision, in a laboratory frame of reference, between a
projectile atom of mass M and a target atom which is initially at rest.

e Before the collision: The projectile atom has mass, velocity, and energy M;, v and
Ey; the target atom has mass Ms.
e After collision: The projectile and the target atoms have velocities and energies vy,

E, and vy, Fs, respectively. 6 and ¢ are scattering and recoil angle, respectively.

The expressions for the conservation of energy and momentum parallel and per-

pendicular to the direction of incidence are given by Eqns. 2.3, 2.4 and 2.5 :

1 1 1

§M1U2 = 5 1U% + §M2U§ (23)
Miv = Mvy cos O + Myvy cos ¢ (2.4)

0 = Myv; sin@ — Myvsy cos ¢ (2.5)

Solving the system of Eqns. 2.3, 2.4 and 2.5 gives Eqn. 2.6, the ratio of particle
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Figure 2.8: Schematic representation of an elastic collision, in a laboratory frame of
reference, between a projectile atom of mass M; and a stationary target atom of mass

M, [73].

velocities: 1
vy [E(M3 — M sin®6)z + M cos 6] (2.6)
v My + M, '

For My< M, (where the plus sign holds), the ratio of the projectile energies is given

by Eqn. 2.7, that is,

By (M2 — M2sin®6)2 + M, cos 01> (27)

Ey, M, + M, '
The energy ratio x is called the kinematic factor and is given by

- [(M3 — M} sin®0)> + M, cosd 2, (2.8)

M + M,
where the scattering angle 0 is given by
1— (14 22) (5%
cosf = ( Ml)(ZEO). (2.9)

Vo
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Thus, the energies of the projectile before and after scattering , Fy and Fy, respectively
are related by
El = KEO (210)

and

T =Ey— E; (2.11)

is the recoil energy transferred from the projectile to the target. A general expression

of the recoil energy E,, transferred from the projectile to the target is given by

4 M, M.
T:#Eocos%ﬁ; o < T

(V, + My)? 5 (2.12)

The maximum energy transferred, which occurs at §=0 when the target mass is
less than the projectile mass, and at 6=n when the target is more massive than the
projectile, is thus given by

4 My My

T = mEO (2.13)

It is easy to derive from Eqns. 2.9 and 2.12 useful relationships of the recoil energy
transferred from the projectile and the scattering and the recoil angles, in the special
case of equal incident and target atom masses (as we will be implanting carbon ions

into diamond). The three useful relationships are as follows:

T = Eycos® ¢ (2.14)
g 1/2
cos ¢ = (EZ) (2.15)

5 1/2
cosf = <E(l)> (2.16)

tan¢ =tan/2,or ¢ =0/2 (2.17)

In addition,
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For simplicity [76], the cross section of the ion-nucleus interaction is given by Eqn.

2.18 of the Simple Rutherford Scattering, i.e.:

29 1/2 2
47 9 A {[1—((%)52"@9) +COSH}
0(9):( E > sin 6 2 1/2
()

For M, < M, Eqn. 2.18 can be expressed in terms of a power series, as follows:

o(0) = (ZlEZ?> sin4(9/2)—2<%> ..

It is important to mention that the cross section of Eqn. 2.19 decreases strongly

(2.18)

(2.19)

with increasing scattering angle (sin=*6/2) and it increases with decreasing projectile
energy (E~2), thus predicting significant nuclear scattering in the vicinity of the pro-
jected range R,. In the ion-nucleus interaction, the energies lost by the incident ions
are transferred to the target atoms that are subsequently recoiled away from their
lattice sites. If the recoil atoms have sufficient energies, meaning their energies are
greater than the target atoms’ displacement energy, then they may induce a series of
collision cascades, prompting point and even line defect generation, called radiation
damage. The radiation damage that follows ion implantation will be presented in

more detail in section 2.8.3.

3. Electronic energy loss

The electronic stopping arises from interactions between the electrons associated
with the incident ion and the electronic cloud of the target atom [73, 77]. In this
study, we used a low energy regime, that is, the keV range, where electronic stopping

can be said to be similar to a viscous drag force which is proportional to the ion
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velocity and is given by the Thomas-Fermi treatment as

dE' & X 8melag 12y v
dr | < 723 4 222/3) o

(2.20)

where:

e v is the velocity,

e v is the Bohr velocity (Z,e?/h),

o ap=(h*/mc*)x0.8853, and

o &~ 7% (of order of 1-2).

Eqns. 2.20 can be rewritten in terms of scaling parameters (dimensionless parame-

ters), € (energy) and p (range) [78] as

d
(d—f)) = fel/? (2.21)

with
k ~

3/2
0.0792}/° 2% 2}/* (M1 4M2)

3/2
(Zf/3+Z§/3) M2

The dimensionless parameters for energy, €, and range, p, are obtained using a

screened coulomb potential [79] and are given by Eqn. 2.22 and Eqn. 2.23, respec-

tively,
CLMQ
e=F 2.22
21 Zae? (M + M) ( )
M M.
p= RN47ra21—22 (2.23)
(M + Ms)
where

o — CL0<Z12/3 4 Z§/3)1/2

e 7, and Z, are the atomic numbers of the incident ion and the target ion respectively.
e N is the number of target atoms per unit volume.
e R is the total path length for an incident ion with initial energy Eq slowing down

in a target solid.
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Note that the energy lost by the incident ion energy in this regime is dissipated
through the electron cloud as acoustic phonons.

In the intermediate energy regime (1-10MeV), the electronic stopping reaches a
maximum value then decreases with further increase in the incident energy. It is in
this range where the ion velocities are comparable to those of the orbital electrons
in the target atoms, thus leading to an enhancement in electronic energy loss due to
exchange of electrons between the two [80].

For higher energy, that is, for incident energies greater than 10 MeV and for which
the ion velocity is greater than that of the orbital electrons, electronic stopping is
described by a quantum mechanical treatment, the so-called Bethe-Bloch formalism.

The intermediate and higher energy regions are not included in the present work

as a maximum energy of 150 keV was used in all the implantations.

4. Dependence of the nuclear and electronic energy loss on the energy

of the projectile

In this description of the energy dependence of nuclear and electronic energy loss,
three important values of the critical energies, E,, F3 and Ej; are given in Fig. 2.9
[11] and they were calculated for the special case of the implantation of carbon into
diamond which correspond to the irradiation conditions of this study.

In the low energy regime, nuclear stopping is dominant, it increases and reaches
a maximum at energy E, < 5 keV then decreases to equal the electronic stopping
power at energy E3 ~ 15 keV. Electronic stopping power on the other hand, increases
linearly with velocity over a very wide range [81] and reaches its maximum, outside
the keV range, at energy E; ~ 2 MeV, and subsequently decreases as £~! for energies
greater than 2 MeV. This is well beyond the range used here (< 150 keV), as already

mentioned.
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Figure 2.9: Dependence of the nuclear and electronic energy loss on the energy of the

projectile where Ey < 5 keV, F3 ~ 15 keV and E; ~ 2 MeV [11].

5. Range and Gaussian distribution of implanted ions

The reciprocal integral of the energy loss defines the ion range R as

0
dFE
R = / 2.24
where FEj is the initial ion energy.

The ion range R is the total distance that the ion travels in coming to rest as shown
in Fig. 2.10 [81] and the projected range R, is the mean penetration depth of the ion

normal to the surface. Generally, Eqn. 2.25 is a fair empirical correction (only for

semiconductors) for a wide range of implantations [81].

R M,
=1 2.25
R, 30, (225)

The slowing down of an ion in an amorphous or fine-grain solid polycrystalline is
a statistical process, implying that the final locations of ions in that solid are also
of statistical nature. Thus, in order to gain a simple picture of the implant profile,

one may use a Gaussian approximation (see Fig.2.11 [82]) which gives the implant
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Figure 2.10: The relationship between the projected range R, and the total ion path
R [81].

density n(x) [11] (note here that the lateral motion has been ignored) as

(m — Rp)

2
20p

P
n(x) = Up\/%exp [ —

(2.26)

where:

e x is the position of the incident ions in the target solid and it is measured along the
direction of the beam

e & is the fluence

e 1, is the projected range

e 0,(or AR,) is the standard deviation in the projected range R,. AR, also referred
to as the range straggling is the half-width at half maximum of the implant distribu-
tion. Note that for many ion-target combinations the Gaussian approximation is not

a good one, e.g. because the ion distribution is very skew or very broad.

2.6.3 Radiation damage

In general, energies used in most medium energy ion implanters (50-250 keV) are

high enough to break chemical bonds and dislodge target atoms from their original
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Figure 2.11: Two dimensional Gaussian of the stopped atom distribution [82].

lattice positions leaving behind a lattice vacancy [11]. The condition sine qua non is
that the energy transferred from the projectile must be greater than the displacement
energy, Fy, which is the minimum energy necessary to create a vacancy in the lat-
tice. Ey is typically in the order of tens of eV [83]. This discussion follows books by
Carter et al [78] and Billington et al [84]. The collision between projectile of energy
Ey with a stationary target atom is a primary knock-on atom effect which leads to
changes in energies of the projectile E; and target atoms (Es). If the energy Ep of
the primary knock-on atom is greater than FEj, it assumes the role of the projectile
and then another target atom will be removed from its equilibrium lattice position,
while the main projectile atom will continue with a reduced energy F; = Ey-FE>. The
primary knock-on atom will be dislodged with an energy FEjs, which is lower than the
energy transfer F, due to the expansion of energy in the escape process. Moreover,
if the energies F; and F3 are also greater than FEj;, then the projectile atom and
the primarly knock-on atom will further lead to the release of more knock-on atoms
and secondary knock ons, respectively, until the energy of each particle has been

reduced below FEy; where subsequent displacements are no longer allowed. Thus, all
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the displaced atoms, within a volume surrounding the ion trajectory, create a highly
disordered region known as collision/displacement cascade. This disorder introduced
by ion implantation is called radiation damage.

The density of radiation damage depends on the implantation conditions, that is,
the type of implanted ion (light/heavy ion), the implantation fluence, the properties
of the target material, not to mention the diffusion during or after the implantation
[45]. It is also known that the radiation damage increases with fluence (more ions
produce more damage), thus, low fluence implantations result in isolated regions of
damage while high fluence ones give rise to overlapped regions of damage, leading
in some cases to the formation of new phases [11]. Furthermore, because of their
larger stopping powers, heavy mass ions of a given energy cause more local lattice
distortions at the end of range such as localized amorphous zones while a complete
amorphized layer can be obtained when fluences above a critical ion fluence are used.
In the case of diamond, ion-implantation studies [85, 86] have shown that the temper-
ature at which diamond is held during irradiation plays a crucial role and there exist
at least three different temperature regions which influence the diffusional mobility
of the intrinsic point defects (vacancies and interstitials) that are created within the
collision cascades. These temperature regimes include:

e A low temperature region (< RT) where neither the vacancies nor the interstitials
can diffuse over large distances; they become ‘frozen in’.

e A intermediate temperature region (between 320 and 800K) where the vacancies
are immobile while the interstitials are mobile. This gives rise to a vacancy-rich (low
material density) layer, caused by the outdiffusion of interstitials [85].

e A high temperature region (above 800 K) where, in contrast, both vacancies and
interstitials are mobile. Carbon implantations under this regime have resulted in
an imperfect diamond growth, characterised by a high density of dislocations caused
most likely by the agglomeration of the intrinsic point defects [87]. For the specific

case of the doping of diamond, using dopant ions having approximately the same
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Figure 2.12: Example of typical defects by ion implantation [11].

mass as the carbon atoms, the radiation damage is primarily made of intrinsic or self
point defects.

Generally, Fig. 2.12 [11] shows typical defects by ion implantation and include,
among others, vacancies, interstitials and simple complexes like Frenkel pairs. A
vacancy is an unoccupied crystal structure site, an interstitial is an atom between
sites which comprises a substitutional defect that replaces a host atom with a foreign
impurity while an interstitial defect, either native or foreign, consists of an atom dis-
placed from its normal site [41, 55]. Frenkel pairs are pairs formed by a vacancy and
an interstitial, where both of them are included in the bulk of the sample [77].

An example of a well- known defect complex in diamond is the <100>-split
interstitial (‘dumbbell’) as shown in Fig. 2.13 [88] where two atoms share a single
atomic site. According to both experiment and theory, this defect whose Raman
peak is 1630 cm™!, is believed to be the most stable configuration obtained during
ion implantation and subsequent annealing [89, 90, 91]. Another prominent defect

complex in diamond arises when vacancies cluster together to form what Prins [92]



2.6. ION IMPLANTATION 36

Figure 2.13: Structure of the <100>-split interstitial, showing the two atoms (in red)

forming the interstitial pair, and their neighbours (in blue) [88].

has termed “vacloids”, that is, an extended vacancy-region, acting like single donor
centres. For more details, Table 2.6 [47] gives a more less exhaustive list of parameters
of some point defects in natural and HPHT diamonds. Last but not least, a word of
terminology ends this section on radiation damage. Indeed, it seems relevant to have
used the term “radiation effects” instead of “radiation damage” when referring to
radiation-induced property changes in materials, which are non-achievable otherwise,
because the latter implies mostly unwanted effects. However, for historical reasons in
connection with both the effects of nuclear particle bombardment on the properties of

solids and the structural material used in nuclear reactors, and the fact that the “ra-
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Defect Model | Symmetry | Optical absorption(eV) | Position

A Centre [N,-N, ]9 | Dsg ~ 4 E.- 4eV

B Centre [ANs-V] | Ty - .

C Centre NY Cs, - E. 1.7eV
Boron BY T, - E,+ 0.37eV
R2 Centre | I° D, 1.685, 4.0 -

R1 Centre | [I-1]° Cip - -

GR1 Centre | V° T, 1.673 ~ E.- 3.2eV
ND1 Centre | V— Ty 3.150 ~ E. 3.2eV
Divacancy | [V-V]? | Cy, 2.543 -

VN Centre | [Ng-V]° | Cs, 2.156 -

W15 Centre | [Ns-V]™ | Cs, 1.945 -

H2 Centre | [2N,-V]™ | Cy, 1.257 -

H3 Centre | [2N,-V]? | Cy, 2.463 -

Table 2.6: Intrinsic/extrinsic point defects in natural and HPHT diamond and their

known properties.

diation effects” result from damage sustained by the crystalline lattice, we preferred

to retain the older term of radiation damage [84].

2.6.4 Channelling

The influence of the crystal lattice orientation on the trajectories of the penetrating
ion is channelling [93]. This phenomenon often occurs while implanting in crystalline
targets where the beam is incident along a low index crystallographic direction lead-
ing to a deeper penetration of ions into the crystal before coming to rest. By low

index crystallographic directions, one implies those which offer wider channels (least
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Figure 2.14: Model depicting the diamond lattice. The panel on the left hand side
shows a <110> direction, while the right hand side one shows the diamond lattice

viewed along a random direction [95].

resistance to the ion motion), that is, along the most open directions as shown in Fig.
2.14. A satisfactory way of minimizing the effects of channnelling and which we used
in all our implantations, is to tilt the diamond sample by about 7° to the incident
beam direction [94] as shown in the right hand side panel of Fig. 2.14 [95]. However,
studies by Simonton et al. [96] have shown that even a 7° angle employed in commer-
cial /research ion implantation of crystalline materials does not prevent completely
the effects of channelling. This is due according to them, to unavoidable scatter-in

(indirect) and direct channelling effects.



Chapter 3

Experimental Techniques

3.1 Layout of the Chapter

As highlighted in the title of the thesis, X-TEM specimens were the starting point
of our investigation. The X-TEM specimens must be slices cut perpendicular to the
surface below which the irradiation damage is being studied. The diamond slices must
be reduced to about 40 um as described in Section 3.2 before final thinning by ion
milling can be attempted. This can only be achieved by careful mechanical polishing,
a process which may raise the diamond sample temperature into the annealing re-
gion. This would compromise the rapid annealing to a known temperature, which is
part of the desired procedure. It is necessary therefore to polish the slices down first,
then implant them into the thin edge, then anneal according to the desired regime.
Fortunately the implant depth (about 0.25 pm) is very much less than the specimen
thickness of ~ 40 pum, which still appears to be a large area specimen from the ion
implantation point of view.

This chapter outlines the experimental techniques used in this study. Section 3.2 em-
phasizes the mechanical polishing of our diamond samples. Section 3.3 outlines the
ion implanter used in creating the desired damage while section 3.4 discusses the an-

nealing setup designed for repairing the damage. Section 3.5 presents ways of prepar-

39
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Figure 3.1: Photograph of a diamond saw [97].

ing and thinning the diamond samples down to electron transparency. Section 3.6
reviews the relevant experimental techniques used to characterize the ion-irradiated

and annealed diamond samples.

3.2 Sample preparation (Mechanical Polishing)

The diamond samples used in this study were supplied by De Beers Industrial Dia-
mond Division (Pty). They included four natural type Ia and four synthetic type Ib
diamonds. The synthetic ones were half octahedron in shape, with single substitu-
tional nitrogen concentration of about 100 ppm. In order to get rigid parallel sided
thin diamonds, rough diamonds of about 1 carat (200 milligrams) in weight were first
cut by means of a saw or a laser then they were polished less than 2° off the principal
planes, using a cast iron disc. The sawing process is done by pressing rough diamonds
mounted in a dop (See Figure 3.1 [97]) onto a blade.

The blade is a paper-thin wheel of phosphor bronze which rotates, in a downward
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Figure 3.2: Photograph of three pairs of 110 flakes of HPHT diamonds of ~ half mm

thickness.

direction against the diamond, at about 4000 revolutions per minute (rpm) and its
rim is charged with a mixture of diamond powder and light oil. The dop has a built-in
large weight whose role is to apply pressure to the diamond during the sawing process.
Figure 3.2 shows three pairs of 110 flakes of HPHT diamonds, one of which was sawed
along the <100> direction and the other two pairs were laser cut along the same
direction. Note that due to the high anisotropy of diamond, sawing is only achieved
along the {100} or {110} plane in a definite direction [98]. In addition, sawing along
the {111} plane is impossible so in order to obtain (111) faces of diamond, one resorts
to cleaving and laser cutting with the former being possible due to the fact that the
{111} plane has the lowest strength [99], while the latter can just be done in any
direction.

The three pairs of synthetic diamonds are large flat diamond samples with thick-
ness of about half a millimetre, each trapezium-shaped with dimensions of 7x5x2.5mm
where 7,5 and 2.5 mm refer to parallel sides and height of trapezium, respectively.
Laser cutting was much faster than sawing diamond. For instance, it took about four
hours to cut through a rough diamond of about 1 carat whereas just a few minutes

were used to laser cut it. After sawing or laser cutting, the rough edges of the dia-
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monds of about half a millimetre were smoothed off down to ~ 200-300 gm by rubbing
them back and forth against an alloy steel disk with coarse diamond powder of about
6-12 pm which leads to a rapid removal of diamond material followed by a finer pow-
der so as to have smooth diamond surface at the end. The smoothed off diamond
samples were then held into position for mechanical polishing through brazing, since
their small thickness made it difficult to use any other technique. Thermal expansion
mismatch was avoided by mounting them onto a large diamond, designated as ref-
erence diamond surface, using a three components brazing alloy around the sample.
The reference diamond surface and the sample were then heated in a vacuum furnace
to the brazing alloy temperature of about 560-580°C for soldering [100]. Tt is worth
mentioning that the reference diamond surface was polished beforehand in order to
have parallel faces and high finishing surface, so as to ensure good contact. Also
great care was taken to prevent any brazing alloy to creep underneath the sample
to avoid specimen thickness measurement inaccuracy. This was achieved by etching
off any excess dried brazing alloy that surrounded the sample. These manipulations,
and polishing, were carried out by Mr. Mik Rebak and Mr. Tshepo Colby Mashego
based at iThemba LABS (Gauteng).

Finally the diamonds were mechanically polished, using the setup highlighted in
Figure 3.3 [101], by pressing the assembly of reference diamond and sample, initially
mounted in a holder, against a scaife. The scaife was a cast iron disc rotating at

about 3000 rev min~!

and was used to jig and polish the sample down to 40 pum,
periodically adjusting the X-direction micrometer to maintain the ‘0’ (X-Y direction)
inclinometer settings [100, 102, 103].

In order to obtain the desired thickness, the amount of the removed material was
monitored throughout the mechanical polishing process via a digital, five decimal
high gauge micrometer. After the polishing, some of the samples were cleaned by

boiling them for about 30 minutes in a three component acid as described in section

2.2. The cleaned diamonds were then rinsed in double-distilled deionized water and
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Figure 3.3: A schematic diagram of a simplified set up used for the mechanical pol-

ishing of diamond surfaces [101].

then dried off by blowing dry nitrogen gas over their surfaces. The dried samples
were safekept in polythene bags, while awaiting to be implanted.

The mechanism behind the diamond polishing has fascinated many authors over
almost a century. In 1920, Tolkowsky [104] investigated the anisotropy in wear and
suggested that abrasion is the main wear mechanism during the polishing of diamond,
using a scaife, irrespective of the polishing directions. Wilks and Wilks [105] mea-
sured the abrasive resistance on three crystallographic planes and pointed out that
the anisotropy of the wear depended on the crystallographic plane and on the direc-
tion of polishing. Wilks and Wilks [105] agreed wholeheartedly with Tolkowisky’s
model of wear mechanism. They suggested that the polishing proceeds via a micro-
cleavage process both in the ‘soft’ and ‘hard’ directions. Wilks and Wilks [105] also
found that for low-index planes of diamond, that is, the cube plane {100} and the
dodecahedral plane {110}, the cube directions <100> showed a high wear rate than
the <110> directions. Consequently <100> and <110> crystallographic directions

have been referred to as ‘soft’ and ‘hard’ directions for these two crystallographic
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planes. In addition, the octahedral plane {111} is quasi-impossible to wear even
though it has a slightly threefold symmetry [106]. Therefore, attempting to polish
this plane is achieved by tilting off the face of the principal plane by 1 or 2° towards
the dodecahedron [112] direction [105, 107]. Hird et al. [106, 108] have described the
‘soft” directions as those in which easy wear occurs and characterized by a high heat
and relatively a low vibration. Also, they have reported in the ‘hard’ directions of
polishing, a poor finish accompanied by grating noises, high vibration, and damage
to the scaife as well as that of the diamond being polished. Similary, Yarnitsky et
al. [109] and Rebak et al. [100], to name a few, confirmed Tolkowsky and Wilks’
findings. The former reported that the abrasion of diamond proceeds mainly by a
microfracture/micro-chipping process in the ‘soft” and ‘hard’ directions while the lat-
ter reported as well that microchipping and chemical absorption of carbon into iron
are the main wear processes in diamond. In contrast to the earlier studies, Couto
et al. [110] found out that the faces polished along ‘hard’ directions showed rough
structure indicating that the material was removed by fracture and chipping on a
nanometer scale while the faces polished along ‘easy’ directions had superposition of
several grooves whose width and depth were 20-100 nm and 2-12 nm, respectively
and these could not be explained by a fracture/chipping mechanism.

In addition, systematic studies [103, 111, 106, 108], among many others, have
used electron microscopy based techniques for the analysis of debris produced during
the diamond polishing. They have reported that polishing in ‘hard’ and ‘easy’ di-
rections is governed by two different wear mechanisms. Their results were consistent
with a model of a shear-induced transition of sp® to sp? carbon material in the ‘soft’
<100> directions on the cube plane {100}. This model is in stark contrast with
that of Tolkowsky, Wilks and Wilks et al. presented earlier, but is usually accepted.
In the hard <110> directions on the cube plane {100}, the wear process occurs by

micro-fracture.
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3.3 Ion implantation

3.3.1 Introduction

This work involved mainly the study of radiation damage caused by ion irradiation or
ion implantation on diamond. Ion implantation is designed to alter the near surface
properties of semiconductor materials without changing their bulk properties. This
requires a machine that generates an ion beam and steers it onto the target mate-
rial where the ions come to rest less than a micron below the surface. A modified
Varian/Extrion model 200-20A2F ion implanter was used for implantations for this
research. Before modification, this type of implanter was specifically designed as a
production tool for the manufacturing of ion implanted, semiconductor devices at
various doping levels. Generally, keV implantations use incident ions in the range of
~ 10-300 keV for modifying the property of semiconductor materials to a depth of
~ 102-10*A[11]. All the ion implantation experiments were performed at iThemba
LABS (Gauteng). In this study, singly charged carbon ions were implanted edge-
on, according to the CIRA (Cold-Implantation-Rapid Annealing) routine. A special
holder, as shown in Fig 3.4, was fabricated making it easier to mount the thin dia-
mond sample edge-on to the incoming ion beam. Multiple implantations, in contrast
to single implantations, were performed at the liquid-nitrogen target temperature
(77K), followed by a rapid thermal annealing. The implantation parameters and the
different fluences used are presented in Table 3.1 [72] which is the fractional fluence at
the different energies. The spread of the implantation energies and fluences done in
the multi-implantation recipe are used to spread the radiation damage over a larger
width [85]. Detailed multi-implantation parameters were derived from the fractional
fluence at the different energies of Table 3.1 and presented in Table 3.2. Note that
low/high fluence implantations are below/above the critical amorphization thresh-

old. The term ‘amorphization’ describes the structural reorganization occurring in
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Figure 3.4: A photograph of thin diamond holder.

Implanted Ion | Implant Energy (keV) | Normalised Fluence
12¢ 150 1

12¢ 120 0.652

12¢ 80 0.548

12¢ 50 0.3

Table 3.1: Implantation parameters: Fractional fluence at the different energies.

the damaged layer [69] while the critical amorphization threshold is defined as the
fluence at which annealing cannot restore the damaged layer to a form close to its
pristine state, but instead, results in the transformation of the layer to ‘graphite’
upon annealing [112]. The ion fluence (or ion dose) and the dose rate are respec-
tively, ‘the total number of ions incident per unit area of the target material and
the rate at which the implantation occurs, often expressed in terms of the beam
current density i, in units of yA/cm?'[11]. The total fluences for the >C* used in
this study were 1.0x 107, 2.5x 10 and 5x10'® ions/cm? (low fluence implantations

i.e. below the fluence for the critical amorphization which was found by Spits [72]
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Implanted ion | Ion Energy | Low fluences High fluences
- [keV] (ions/cm?) (ions/cm?)

- - Fluence component || Fluence component
12C 150 0.4x10%° 2.80x10%°

2¢ 120 0.2608x10'° 1.8256x 10
2¢ 80 0.2192x10'° 1.5344x10%
2¢ 50 0.12x10%° 0.84x10%°
TOTAL FLUENCE: | 1.0x10"% 7.0x10%

2¢ 150 1x10% 2.4x10%

12C 120 0.652x10%° 1.5648x 10
2¢ 80 0.548 x 1015 1.3152x10%
2¢ 50 0.3x10% 0.72x10'°
TOTAL FLUENCE: | 2.5x10% 6.0x10"

2C 150 2x10% -

12C 120 0.304x10%° -

12C 80 1.096x 10" -

2¢ 50 0.6x10% -

TOTAL FLUENCE: | 5x10% -

Table 3.2: Detailed implantation parameters.

to be & 5.2x10' ions/cm? for the implantation parameters used in Table 3.1.) and

the fluences 6.0x 10 ions/cm? and 7.0x10' ions/cm? (which represent high fluence

implantations, meaning above the fluence for the critical amorphization threshold).

The specific fluence data of Table 3.2 were deducted from the normalised fluene num-

bers given in Table 3.1. In addition, the dose rate for all the implantations was ~

1 pA cm™2

and the diamond samples were tilted by about 7° to the incident beam
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direction for the minimization of channelling as discussed in Section 2.6.4. The di-
amond samples were also cooled to liquid nitrogen prior to implantation. Finally,
after implantation, each diamond sample was rapidly removed from the target holder
and kept under liquid nitrogen in a dewar, while waiting to be annealed. The rapid

thermal annealing technique is discussed in section 3.4.

3.3.2 Instrumentation

Fig.3.5 highlights the major components of the Ion Implanter followed by its op-
erational principles summarized from the Instruction manual production Ion Im-
planter model 200-20A2F [113]. The modified Varian/Extrion model 200-20A2F uses
a Freeman-type ion source consisting of a tungsten filament which is heated by the
high filament current and generates electrons thermionically. The electrons collide
with the gas molecules resulting in the ionization of the charge that leads to a plasma
within the ion source chamber. A beam of ions which is generated by the hot cath-
ode arc discharge ion source is extracted from the source by the electrostatic field
set up between the source exit aperture and an extraction electrode. These ions are
subsequently accelerated to an energy of 25 keV and admitted to a 90° double fo-
cusing mass analyzing magnet in the high voltage terminal. The ionization of the
charge in the ion source chamber creates usually more than one ion species at the
same time depending on the source supply gas selected. Thus, the mass analyzing
magnet is used for ion selection. It separates the different ion species based on their
charge-to-mass ratio. As a result, only the desired species is allowed to pass through
the resolving aperture diameter and proceed to the acceleration tube. All the other
ions in the beam will follow different paths determined by their charge-to-mass ra-
tio. Ions with smaller charge-to-mass ratio will be steered into smaller orbits while
ions with larger charge-to-mass ratio follow larger arc trajectories and these unse-
lected ions will be collected on the analyzer chamber walls or on either side of the

resolving aperture which is located in the image plane. The ion source, mass ana-
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lyzer and variable slit systems as shown in Fig. 3.5 [113] are contained in a high
voltage terminal which is located inside a grounded enclosure, to promote safety to
personnel. On emerging from the resolving aperture, the ion beam enters the lin-
ear acceleration tube to optimize beam focusing and minimize X-rays generated by
electron backstreaming. The main acceleration of the ion beam, which emerges with
an energy between 25-200 keV is provided by the field in the acceleration tube. The
beam diverges slightly as it passes through the acceleration region due to its limited
focusing action until it reaches the lens located at the entrance of the scanner box.
The lens of the 200-20A2F ion implanter is an electrostatic quadrupole triplet which
is used to focus the beam to a 1 cm? in the target chamber. After passing through
the lens, the converged beam enters a set of scanning plates in the deflection region.
The electrostatic deflection plates first deflect the beam in the vertical (Y) plane and
then in the horizontal (X). This set of deflection plates is used to generate a raster or
uniform implant over a large area [114]. Finally, the specimen is attached to a sample
holder which is mounted onto the target chamber. Different holders can be mounted
at the end station and the sample can be kept at liquid nitrogen temperature (LNs),
room temperature or even higher temperatures thanks to the presence of an active
cooling system or heater within the temperature control system. The focused beam
current is measured directly in a deep Faraday cup (center cup) before the implant.
It has four corner cups, mounted in front of the target holder to allow the beam to be
sampled during the implant. In addition, the current registered by each of the four

Faraday cups may be used to check the scan uniformity.
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Figure 3.5: A schematic diagram of the model 200-20A2F Ton Implanter [113].

3.4 Annealing

3.4.1 Introduction

The radiation damage created by ion implantation reaches thermodynamic equilib-
rium once the source of irradiation is removed, thus the equilibrium concentration
of radiation effects depends on the temperature at which the sample is held during
implantation. Post-implantation annealing or thermal treatment has been proved
to reduce or repair the radiation damage and at the same time activate the dopant
atoms in semiconductor materials. Annealing is commonly carried out isochronally or
isothermally. In the former, the temperature of the sample is raised in step-like tem-
perature pulses of constant duration At, from implant temperature to successively
higher temperatures T, T;,1,... while in the latter, the temperature of the sample is
raised a from implant temperature to a fixed temperature. Note that in both anneal-

ing procedures, after each pulse, the sample is cooled down to room temperature for
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measurement of the property of interest. In addition, successful annealing of diamond
is carried out in vacuum or under protective gas, otherwise if diamond is annealed in
air to about 770 K, it ‘ignites and disappears’ [115]. Thus, the as-implanted diamonds
held at liquid nitrogen temperature were rapidly transferred to a fixed temperature
of 1600 K (under a protective flow of high purity argon gas) and annealed for 30
min and allowed to cool down to room temperature. The examination of the residual

defects was carried out at room temperature.

3.4.2 Cold-Implantation-Rapid-Annealing Technique

Prins [85] devised a route for the optimization of the doping of diamond which he
called the cold-implantation-rapid-annealing (CIRA) technique. In the CIRA tech-
nique one implants a fluence below the critical threshold, at liquid nitrogen target
temperature (77 K), spreading the implantations over a range of energies and fluences
in a non channelling direction followed by rapid thermal annealing. The model he
proposed [116] to describe the reaction rate of annealing in diamond assumed that the
radiation damage created in the collision cascades consists primarily of individually
displaced atoms and vacancies. One can say that implanting at 77 K ‘freezes in’ and
evenly mixes the interstitial atoms and vacancies while the multi-implantations make
the depth-width of the damage as large as possible. After implantation, subsequent
rapid thermal annealing (RTA) to at least 500-1000 °C is required to allow the self-
interstitial atoms to become mobile and combine with vacancies thus reducing the
residual radiation damage while dopant atoms doing the same are caught in substi-
tutional sites [117, 118].

It was postulated [119] that there exists a volume around the vacancy whereby an
interstitial atom has no alternative but to combine with the vacancy, and therefore
interstitial sites within this volume have been termed ‘catch-sites’. Similarly, in the
surroundings of this ‘catch-volume’; there exist sites ‘from which an interstitial can

either jump into a catch-site or away from the catch-volume into an adjacent inter-
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stitial site’ [119, 71] and these have been called ‘meet sites’.
Assuming that, on average, ‘an interstitial has to make p,, jumps to reach a meet-
site, the average number of jumps u. needed to reach a meet-site and jump into a

catch-site’ [71] is given by

Ec—Ep
[te = [m (1 + qeasp[kB—TD (3.1)

where kg is the Boltzmann’s constant; ¢ is the ratio of the number of accessible
interstitial sites to catch-sites surrounding a meet site; E¢ is the activation barrier
that an interstitial has to scale when jumping from a meet-site into a catch-site while
Ep is the activation barrier which it has to scale when it diffuses and T is the temper-

ature. Note that the number of jumps to reach a meet-site is inversely proportional

to the number of vacancies N, and is defined as

i = 12 (3.2)

The optimization of the CIRA routine consists of ensuring that residual radiation
damage is negligible after annealing. The reduction of radiation damage can only
be achieved by making sure the interstitials only combine with the vacancies. In an
ideal situation one wants all the dopant atoms to move into vacancies and the self-
interstitials to mop up the rest [117]. However, in practice, dopant and self-interstitial
atoms may diffuse out of the implanted layer of depth-width w created during liquid
nitrogen implantations and thus do not participate in the vacancy annihilation. Also,
they may be trapped by other defects or agglomerate to form complex defects.

If . describes all interstitial interactions which do not involve any vacancy an-

nihilation and p. the average jumps to meet up and annihilate a vacancy, then, the
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average probability P. that an interstitial will annihilate a vacancy can be written as

p=_te (3.3)
e + He

The probability P. depends on the interstitial distribution within the depth-width
layer w. In addition, as soon as p. < e, no interstitial atoms will escape from the
layer, therefore, the probability of Eqn. 3.3 can be written as

He

P =
(1 - (I)):U’e + He

(3.4)

where @ lies between 0 and 1. Substituting eqns. 3.1 and 3.2 into Eqn. 3.4 leads to

eNU
P, = a

(3.5)
(1= @)ucN, +Q (1 + qe:vp[Ek;LTEDD

The probability of Eqn. 3.5 will be greatly increased near 1 when p. is as large as
possible. This is achieved by proceeding to multiple implantations, which increases
the depth-width of the implanted atoms and as a consequence increases . [117]. It is
noteworthy mentioning that the parameters of the CIRA process contribute to make
the probability P, to be closer to 1. This reduces drastically the residual radiation

damage thus minimizing the unwanted compensating trapping of charge carriers.

3.4.3 Instrumentation

The rapid thermal annealing (RTA) furnace used was an electrical horizontal split
tube furnace (STC) as shown in Fig. 3.6 , with a maximum operating temperature
of 1500 °C. Its four silicon carbide rods heating elements are arranged symmetrically
around a separate ceramic worktube to ensure excellent thermal uniformity. The
conventional method of annealing consists of dropping the as-implanted sample down
a vertical tube furnace against an upward flow of argon. This was not possible with

very thin diamond samples of about 30 pum, as they would not have sufficient weight
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Figure 3.6: Horizontal Split Tube Furnace.

to fall through an upward stream of argon. Thus, a novel technique of rapidly anneal-
ing very thin diamonds, with an argon gas gun was designed and is described briefly
below.

A long quartz tube was inserted in the separate ceramic worktube with one of its
ends connected to a constant flow of high-purity argon so as to avoid an oxidizing at-
mosphere. This effectively prevents unwanted oxidisation/graphitization and possibly
the disappearance of the as-implanted diamond sample. The annealing temperature
was set, and allowed to settle. Once this was achieved the as-implanted diamond
sample was swiftly removed from a liquid nitrogen dewar bath and then transferred
into the pre-heated furnace as quickly as possible and annealed for about half an
hour at 1600 K under a constant flow of high-purity argon. The rapid transfer of the
as-implanted diamond was made possible by blowing it in using a stream of argon gas
which was already flowing through the quartz tube. In addition, the enlarged quartz
tube of Fig. 3.7 was designed in such a way that the as-implanted sample would
be captured in the central bulk, i.e., precisely in the middle of the four symmetrical

silicon carbide heating elements where the temperature is maximum.
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Figure 3.7: Schematic diagram of the quartz tube. Some argon flows continuously

out of the entry funnel, preventing the ingress of air

3.5 ITon Milling

3.5.1 Introduction

Ion milling is a slow process in hard materials. In order to apply it to diamond
specimens it was necessary to reduce their thickness to about 40 pum by mechan-
ical thinning techniques as described in Section 3.2. Ion milling is a widespread
final specimen preparation technique which suits cross-sectional transmission (TEM)
specimens in that it thins the latter down to electron transparency. Cross-sectional
specimens for TEM observations were prepared as follows: After the diamond slices
of about 40 ym were implanted edge-on, at liquid nitrogen temperature followed by
rapid thermal annealing for 30 minutes in a argon atmosphere, pairs of thin slices
were glued edge against edge onto a copper support TEM grid. Then 3 mm round
discs were cut out corresponding to the dimensions of the copper grid using a laser.
Thus implanted and unimplanted diamond samples could be easily compared. The
glue used consisted of two-component Gatan epoxy which was mixed according to the
standard ratio, i.e., 1 hardener to 10 resin. The glued samples were then heated in
an oven at 170° for about 15 minutes for hardening. The final thinned samples were
argon ion beam milled at the NMMU (Nelson Mandela Metropolitan University) in
a Gatan Precision Ion Polishing System (PIPS, model 691) using 5 keV argon ions

at an incident angle of 5° with respect to the diamond sample surface. Figure 3.8
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Figure 3.8: Scanning electron microscope (SEM) images of the cross-sectional ion
milled diamond TEM sample. TEM investigations were carried out at the edge of

the hole at the diamond/diamond interface.

shows low and high magnified scanning electron microscope (SEM) images. As the
diamond samples were implanted edge-on, the electron transparent regions would be

at the edge of the hole at the diamond/diamond interface.
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Figure 3.9: A schematic illustration of an ion-beam thinning device [121].

3.5.2 Instrumentation

Ion milling involves an argon ion bombardment of a 3 mm round TEM disc specimen
in order to sputter material from the area of interest. The main variable in this process
is the sputtering coefficient, defined as the number of sputtered atoms per incident
atom, which depends on the angle of incidence, the accelerating voltage, the nature
of the impinging ions, the ion milled material as well as the background atmosphere
[120]. Using electric discharge a beam of argon ions up to 6 keV is generated and
accelerated towards the specimen to be ion-milled as shown in Figure 3.9 [121]. Note
that argon is used in the ion milling system because it has a high sputtering yield and
it does not participate in inducing any chemical reactions. In addition, accelerating
voltage of about 2.5-6 keV and small angle of incidence less than 6 are used to prevent
compositional thinning. It is also important to keep the ion milling environment under
vacuum of (107°- 107%) bar and possibly cool down the specimen using liquid nitrogen.
On the other hand, some of the disadvantages of ion milling include its slow process
in strong materials and its introduction of unwanted radiation damage which may be

easily confused with the very defects under investigation.



3.6. FOCUSED ION BEAM MILLING(FIB) SEM 58

3.6 Focused ion beam milling(FIB) SEM

A focused ion beam (FIB) SEM (Scanning electron microscope) can be described as
a SEM with a built-in ion mill or an ion gun with a SEM attachment [122]. The FIB
system typically uses a beam of Ga ions which is steered over the specimen surface
at an accelerating voltage of a few keV. Cross-sectional TEM samples were prepared
using the lift-out method with the aid of a dual-beam FIB that is equipped with
a nanomanipulator. The stages in making cross-sectional TEM samples with the

lift-out method [123] (See Figure 3.10 [122]) are itemized as follows:

e The specimen is first viewed using the SEM attachment in order to select a

region of interest to be thinned.

e To avoid surface damage by the Ga™ ion beam, a protective coating of carbon
or platinum is deposited on the specimen surface over the region of interest from

which the region is to be cut.

e Two ‘FIB boxes’ separated by a 1 um lamella are milled into the specimen on

either side of the selected region.

e Then a sharp tungsten needle, called a nanomanipulator, which is attached to
piezoelectric drive motors is inserted. The one used was computer-controlled
which made it easy to bring it gently into contact with the lamella. Note that the
point of contact of the tungsten needle with the thin-film lamella is reinforced
by the deposition of a small amount of platinum or amorphous carbon. The
deposition is done with either the ion or electron beam in combination with a
gas injection system. For the specimen used in this work, carbon deposition

was used as the protective layer.

e Using the ion beam, the lamella is completely separated from the substrate

and transferred to a TEM specimen ‘grid’ (See Figure 3.11) [123] within the
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Figure 3.10: Stages in making cross-sectional TEM samples using the lift-out method.
(A) The area of interest has been marked. (B) A Pt bar is deposited to protect this
area from the Ga beam. (C,D) The two trenches (FIB boxes) are cut. (E) The
bottom and sides of the slice are (final) cut. (F) The TEM specimen is extracted and
polished after welding it onto the TEM specimen grid [122].

vacuum chamber. The TEM specimen grid is a half-ring, 3mm in diameter and

the lamella is joined to the grid by platinum or tungsten deposition.
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Figure 3.11: Schematic drawing of a 3 mm diameter half-ring, used for mounting a

thin TEM specimen lamella in the lift-out method [123].

e The final thinning of the 1 pum thick lamella is performed using a much lower
ion beam current and ion energy to reach ~20-50 nm thickness which is thin

enough for HRTEM.

3.7 Characterization Techniques

3.7.1 Raman spectroscopy

Introduction

When monochromatic light is incident on an atom or a molecule, most of the radi-
ation will be transmitted, some will be absorbed, while a very small fraction will be
scattered by the molecules in directions different from that of the incoming radiation.
About 0,01% - 0.1% of the radiation will be elastically scattered, that is, no energy
is lost and the frequency of the incident and scattered radiation will be the same.

This type of scattering is the so-called Rayleigh or Classical scattering, which is of
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no interest in Raman spectroscopy.

A minute fraction (107% - 10™*) of the scattered radiation will be inelastically
scattered. The inelastic scattering of light by matter was theoretically predicted in
1923 and the first experimental observation was made by C.V. Raman in 1928 [124].
He discovered that the visible wavelength of a minute fraction of the radiation scat-
tered by certain molecules differs from that of the incident radiation and thus the
shift in wavelength depends on the chemical structure of the molecule responsible for
the scattering. The effect, known as the Raman effect, was due to the interaction
of the photons of incoming light with the vibrations and rotations of the molecules
[124].

Raman spectroscopy has been proved to be a non-destructive technique which is
useful in condensed matter physics and chemistry in that it identifies the symmetries
of molecular structure and bonding and the energies associated with the fundamen-
tals excitations of the solid [11]. Particularly, Raman spectroscopy has the ability of
distinguishing clearly between the different carbon allotropes thus, its choice in the
characterization of unimplanted, as-implanted and implanted and annealed diamond
samples [83].

An overview of both the classical approach and the quantum mechanical approach
which describe the Raman effect is given in the next section. The following discussion

is based mainly on these texts [39, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134].

Classical Approach

The classical approach assumes that the Raman effect arises from the interaction
of the incident electromagnetic photon with the dipole moment of the molecules
of the illuminated material under investigation. The molecule’s dipole moment is
dependent only on the electric field component of the electromagnetic radiation. The
exposure of a polarizable molecule to an external electric field F leads to the distortion

of the molecule’s equilibrium electronic distribution. This results in the creation
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of induced dipoles p; within the molecules. These induced dipoles may undergo a
normal molecular vibration thus emitting radiation. The following discussion assumes
that the scattering molecule is ‘regarded as a collection of atoms undergoing simple
harmonic motion’ [39]. For small fields, the induced dipole moment y; is proportional

to the electric field vector

I : (

where « is the polarizability of the molecule. The polarizability is a measure of
the capability of inducing a dipole moment by an electric field and determines the
deformability of the electron cloud of a molecule by an electric field. Eqn. 3.6 can be

written in matrix form as

o gy Ogy Qg | | By
Py | = |z Quy aye| | By (3.7)
Iz Oy Qg Q| | B,

Note that since both p; and E are vectors, « is generally a tensor. In this case
« is called the polarizability tensor, which plays key roles in Rayleigh and Raman
scattering. The tensor is defined by an array of nine components «;;. It is symmetric,

that is, the off-diagonal components are related by

Qgy = Qyp Qyy = Oy sy = Olys (3.8)

Thus the tensor has at most six distinct components, three off-diagonal and three
diagonal. The visualization of the tensor is possible by forming an associated ellipsoid,

using the six components, i.e.,
Qpe X2 4 Y2 + 0., 2% + 20, XY + 20, Y Z + 20, ZX = 1 (3.9)

The ellipsoid of Eqn. 3.9 represents the molecular polarizability. Particularly, if the

coordinate axes coincide with the principal axes X, Y, and Z of the ellipsoid then
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Eqn. 3.9 reduces to a simpler form
AX?+BY*+CZ% =1 (3.10)

where o,y = o, = a,,=0 and the diagonal components o,,=A, o,,=B, and «a,,=C,
are called the principal values of the molecular polarizability.

The electrical field generated by the incident radiation with time is described as
E = Ejcos 2muyt (3.11)

where 1y is the frequency of the incident radiation and Fy is the amplitude of the
electric field for the material. Eqn. 3.6 and Eqn. 3.11 combine to give the induced
fluctuating dipole moment

W = agFy cos 2wyt (3.12)

The polarizability of electrons in the molecule will be modulated by molecular vi-

bration [126] so that

8 07 82 7
aij = (Quj)o + Z (agi)OQk +%Z (8Qk0<;é21) Q@i+ ., (3.13)

where (a;;)o is the polarizability tensor in the equilibrium position, @ is the kth

normal mode associated with vibrations of wavelength v;. If a molecule has simple
harmonic vibrations near the equilibrium position, with a frequency 1 then higher

order terms of Eqn. 3.13 can be ignored to give

36!
= A 3.14
ay oao+<an>oQk, (3.14)
where @) is given by
Qr = Q} cos 2yt (3.15)

with @ being the normal coordinate amplitude and the superscript 0 refers to deriv-
atives taken at the equilibrium configuration. Substituting Eqn. 3.15 into Eqn. 3.14
gives

ay = ag + (QY) cos 2muyt) (%)0. (3.16)
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The expression of the total dipole moment is obtained by substituting Eqn. 3.16 into
Eqn. 3.12; i.e.,
Oa 0
Wi = By cos 2t + | —— | QpEo cos 2wt cos 2myyt. (3.17)
an 0
Applying trigonometric sum rules cos(A) cos(B)= 1[cos(A + B) + cos(A — B)], Eqn.
3.17 can be expressed as

da

OQk
The first term agFj cos 2wyt of Eqn. 3.18 is the elastic Rayleigh scattering, which is

pi = agEg cos 2mgt + ( ) QVEy x [cos 2m(vy — vp)t + cos 2m(vo + wpt] . (3.18)
0

at the same frequency as the incident radiation. The second term and the third terms

are Stokes and anti-Stokes scattering, which occur at vy — v and vy + 14, respectively.

0Qk
implies that Raman scattering is much weaker than Rayleigh scattering and thus must

In addition, the fact that (8%) is generally much smaller than o in Eqn. 3.18
0

be carefully measured. In practice, anti-Stokes lines are also appreciably less intense
than the corresponding Stokes lines and as a consequence, Raman spectroscopy uses
only the Stokes part of the spectrum.

The intensity of the Raman scattering is given by
In = (v £ )" 2Q? (3.19)

where p is a constant. The intensity of Eqn. 3.19 is expressed in watts and it
varies with the fourth power of the observed frequency for normal Raman scattering.
Furthermore, the intensity of the scattered light is also proportional to the square of
the derived tensor aj also known as the Raman tensor and is expressed as

80@-
ay = <8QZ)0 (3.20)

If (%) # 0 then the polarizability must change during vibrations making the
0
excited molecule Raman active. Note that modern Raman spectrometers use pho-

tons/second to measure the intensity instead of watts. Frequency is often expressed



3.7. CHARACTERIZATION TECHNIQUES 65

in terms of wavenumbers (a wavenumber is the number of waves in a 1 cm-long wave-
train, representing radiation energy) rather than Hertz, using v = % = A~1, where c is
the speed of light, A the wavelength, and A~! is the wavenumber of the radiation. In
addition, the photon energy is related to the wavenumber by E= hcv. For instance,
using this equation, one can compute the corresponding energy of a wavenumber of
1000 em~!. Its value is 2.0x1072° J or 0.12 eV which is found using the conversion
constant he = 2.0x1072 J cm.s, where h is Planck’s constant (6.626x1073 J.s).

Hence Eqn. 3.19 can be written as
I = i (o £73)" 2Q2, (3.21)

where the factor c¢? is contained in the constant p'.

The Raman shift 7, (in cm™), also labelled as A7y, is the abscissa of the Raman
spectrum and is defined as the difference in wavenumbers (cm™!) between the observed
radiation and that of the exciting source. Similarly, the ordinate is proportional to
the intensity of the Raman scattering, with arbitrary units.

The classical theory of Raman spectroscopy has many limitations. Although it
can be applied succesfully for qualitative analysis of molecular vibrations, it cannot
simply be applied to molecular rotations and it is not able to identify clearly the
relative intensities of the corresponding Stokes and anti-Stokes Raman lines, which is

tackled in the quantum mechanical approach.

Quantum mechanical approach

The quantum mechanical approach is based on time-dependent perturbation theory
where the Raman scattering can be considered as a light-matter interaction. In this
process, the incident photon interacts with the phonon in the matter, which can either
be in vibrational or rotational modes or a combination of both.

The vibrational and rotational energies of a molecule are quantized according to
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Figure 3.12: Illustration of the vibrational energy level transitions, induced by a

photon of energy hyy, redrawn after [40].

Eqn. 3.22, that is,

E, = hu (n + %) (3.22)

where n = 0, 1,2 ,3, ... is the quantum number.

The Raman effect can be considered as a two-photon process whereby a photon
of incident radiation is absorbed or emitted by a molecular system as a result of an
upward or downward transition between two energy levels (See Figure 3.12 [39]).

Overall, the permitted transitions obey the selection rule AJ = 0, + 2 where
AJ = 0 corresponds to Rayleigh scattering, AJ = 2 corresponds to Stokes scattering
(phonon creation) and AJ = -2 corresponds to anti-Stokes scattering (phonon anni-

hilation) where J is the total angular momentum quantum number.
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As shown in Figure 3.12, Rayleigh scattering occurs when the energy of the scat-
tered photon is the same as that of the incident photon (the excited vibration returns
to its initial level). Stokes Raman scattering is created when the energy of the scat-
tered photon is lower than that of the incident photon (the photon frequency decreases
from v to vp-1,). In anti-Stokes Raman scattering, the energy of the scattered photon
is higher than that of the incident photon (the photon frequency increases from vy to
Vo+vy). This is possible because the molecular system may be initially in an excited
state and then makes a transition from a virtual state! to a lower energy state.

The relative intensity between the Stokes and anti-Stokes Raman lines is given by

(3.23)

]Stokes _ ]Uo—fk — (ﬁo — vk)4 ex @
kgT

Eqgn. 3.23 makes it possible to determine the temperature of the sample by

— — 4
Ianti—StOkes ]Uo—i—ik (V() + Vk)
contact-free measurements.

Instrumentation

This section describes the Raman spectrograph used in our Raman scattering mea-
surements. In addition, a brief description of the laser source and the sample illumi-
nation is itemized below.

e The source used is a laser source of intense, coherent monochromatic radiation.
The argon ion-laser with excitation wavelength of 514.5 nm was used throughout this
work. Note that the argon ion (wavelength of 488.0 or 514.5 nm) and the Krypton ion
(wavelength of 530.9 or 647.1 nm), which emit in the green and the blue region of the
spectrum, respectively, have advantage over other sources (for instance, Helium-neon,
Diode, Nd-Yag) due to the fact that the Raman scattering varies as the fourth power
of the frequency.

!An imaginary transition state which does not correspond to an eigenstate of the molecule, a
practical convenience by which the energy exchange between the radiation field and the molecule

during the scattering process can be split-up into one-photon transitions [130]
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Figure 3.13: Schematic diagram of the Jobin-Yvon T64000 spectrograph showing the

beam path. From Jobin-Yvon T6000 Raman Spectrograph Instructional manual.

e The sample illumination system used consists just of ordinary glass.

e The Raman spectrograph Jobin-Yvon T64000 (See Figure 3.13) uses dispersive
Raman whose role is to separate the weak Raman scattered light from the Rayleigh-
scattered light. The laser light is directed into the spectrometer by optical mirrors.
The filtered beam of light is then focused on the sample using an Olympus BX40
microscope attached to the spectrograph, using either an ultra long working distance
50X objective or 100X objective. A narrow band-pass filter removes unwanted laser
plasma lines and allows only the selected wavelength into the microscope. The scat-

tered light from the sample is directed into the spectrometer, capable of measuring
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the distribution of a signal in a particular wavelength and processing it in single
spectrograph mode, triple substractive mode or triple additive mode. Raman spectra
were acquired in this study with the aid of Jobin-Yvon T64000 Raman spectrometer,
operated in single spectrograph mode. The 1800 grooves/mm grating was preferred
over the 600 lines/mm grating because the former has the highest spatial resolution
though it has a narrow spectral range compared to the latter grating. The Jobin-Yvon
T64000 spectrometer, being a triple monochromator dispersive system, disperses light
via the gratings onto a liquid nitrogen cooled CCD detector, which detects the scat-
tered light and produces a Raman spectrum. The Raman data collection is done
through Labspec 4.18 scientific software, supplied by Jobin-Yvon for further analysis.
The following details are worth mentioning: All the Raman experiments were carried
out at room temperature, the beam spot diameter and the beam power used were ~
1 pm and 150 mW, respectively. Furthermore, a microscope with a 100X objective

was used while a nitrogen cooled CCD detector is often used for optimization.

3.7.2 Transmission Electron Microscopy

Introduction

Transmission electron microscopy (TEM) is a useful method for characterizing the
radiation effects in crystals. Particularly, its strength and reliability come from the
easy access to its results, that is,; it gives direct images of the radiation damage under

investigation.

Basic principles

The electron microscope can be considered as an update of visible-light microscopes,
with the former exploiting the wave properties of electrons to improve over the max-
imum resolution of the latter which is limited to about 200nm. The resolution of a

visible-light microscope is described as ‘the minimum distance between two points at
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which they can be visibly distinguished as two points’ [133] and is given by the Abbe

equation i.e.,

0.61A

n sin o

R (3.24)

where ) is the wavelength of the radiation, « is the half-angle (angular aperture of
the lens) subtended by the objective lens at the object, and 7 is the refractive index of
the medium between the object and the objective lens. The product nsin « is called
numerical aperture (NA) and it is ‘an important characteristic of any objective lens
system’ [123]. Eqn. 3.24 suggests the use of shorter wavelengths of the visible light
(~ 400nm) and larger numerical aperture (~ 1.3 for an oil-immersion objective lens
system) to achieve greater resolutions. Thus, the best resolution of a visible light

microscope is about 0.2 pm.

WAVE PROPERTIES OF ELECTRONS

An electron beam generated by an electron gun can be focused with the help of
electromagnetic lenses, due to the particle-like and wave-like character of electrons.
The dual wave-particle nature of electrons is expressed by the de Broglie relationship

for the wavelength of any particle, that is,

A= — (3.25)

my’
where h is the Planck’s constant, m and v are the mass and the velocity of the

particle, respectively. The electron energy (in Joules) is given by

eV =—— (3.26)

where e is the charge of the electron. Substituting Eqn. 3.26 into Eqn. 3.25 leads

to the non-relativistic electron wavelength equation, that is,

(3.27)
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At accelerating voltages higher than 100 keV, the relativistic correction should be

taken into account in the de Broglie Eqn. 3.28 to give

A= h : (3.28)

\/QmeV (%)

where ¢ and mg are the velocity of light and the rest mass of electron, respectively.

Note that the non-relativistic and the relativistic wavelengths associated with a trans-
mission electron microscope whose accelerating voltage is 100 keV, for instance, can
be obtained from Eqns. 3.26 and 3.28 and are 0.0386 A and 0.0370 A, respectively
[122]. The corresponding resolvable power of an ideal transmission electron micro-
scope, that is, one which does not have aberrations, is about 2 pm which is less than
the Bohr radius of the atom. Thus, resolution in that range should image individual
atoms, making transmission electron microscopes one of the powerful and versatile
instruments used for the microstructural characterization of materials. In practice,
notable aberrations of the objective lens are the spherical, chromatic and astigmatism
which limit the divergence angle of the beam for a sharp focus to a small fraction of a
degree [123]. These aberrations reduce the just-calculated fine resolution of an ideal

transmission electron microscope from about 2 pm to about 0.2 nm.

INSTRUMENTATION

A modern transmission electron microscope comprises an illumination system, an
objective/stage and the imaging system. A block diagram of such a transmission
electron microscope highlighting its main components is shown in Figure 3.14 [135].

The illumination system comprises the electron gun and the condenser lenses.
The electron gun is the main component of the illumination system which emits
electrons by such as a lanthanum hexaboride (LaBg), a zirconium oxide/tungsten
(Zr/W) Schottky or a tungsten field emission source. Tungsten field emission is used
where high coherence lattice imaging, high gun brightness and high spatial resolu-

tion microanalysis are needed. As for the condenser lenses, they form a fine probe
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Figure 3.14: A block diagram of a TEM [135].
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(broad/focused beam of electrons) taken from the gun and transfer it to the specimen.
The illumination system can be operated in two principal modes, i.e., parallel and
convergent beam. The former mode is used primarily for TEM imaging and selected-
area diffraction (SAD), while the latter is used mainly for scanning (STEM) imaging
via electron spectroscopy and convergent-beam electron diffraction (CBED).

The objective and the specimen stage system are the heart of the TEM where all
the beam-specimen interactions take place. In addition, the objective lens determines
the limit of image resolution, and is therefore key to the TEM process.

The imaging system consists of intermediate and diffraction lenses whose role is
to magnify the image or diffraction pattern (DP) produced by the objective lens.
The magnified image or DP is then projected with the aid of a projector lens onto a
viewing screen. The recording of the image/DP is done either by direct exposure of a
photographic emulsion or an image plate inside the vacuum or via a charge coupled
device (CCD) camera while awaiting the quantitative data processing.

Furthermore, chemical analysis can be done using both energy-dispersive X-ray
spectroscopy (EDS) and electron energy loss spectroscopy (EELS). The latter not
only provides local chemical information but also electronic structure of the specimen

via plasmon excitations and core electron excitations.

IMAGING MODES OF A TEM

Electrons interact strongly with thin-film specimen by elastic and inelastic scattering
(See Figure 3.15 [123]), but the elastic scattering is more important in that it domi-
nates the contrast observed in the transmission electron microscope. Three types of
contrast are worthwhile noting. The first is the diffraction contrast, also called ampli-
tude or strain contrast, which measures the intensity of diffracted waves across a thin
specimen. The diffraction contrast (bright-field and dark-field images) is commonly
used in radiation damage studies [136]. The second is the phase contrast performed

in atomic resolution microscopes whereby the phase of the diffracted electron wave is
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Figure 3.15: Schematic diagram of the electron scattering processes [123].

‘preserved and interferes constructively or destructively with the phase of the trans-
mitted wave’ [135]. The phase contrast is particularly sensitive to atom distribution
in the specimen thus making it possible to image directly the crystallographic lat-
tice itself which is useful for discovering crystallographic details of the nature of the
defects. The last one is the mass thickness or atomic number contrast which is due
to variations in mass-thickness and mostly performed in STEM when dealing, for
instance, with biological soft tissues samples.
Dark-field and Bright-field Imaging

Dark-field and bright-field imaging are termed conventional imaging contrary to
the phase contrast imaging performed in HRTEM. On the one hand, the bright-field
imaging consists of masking all diffracted beams of electrons by the objective aperture

and hence only the direct transmitted (un-diffracted) beam is used for the imaging
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process. As the electrons interacting with the defects deflect away, the defects appear
dark on a bright image background. The dark-field imaging on the other hand involves
selecting one of the diffracted beams of electrons. The diffracted beam interacts with
the atoms or defects of the thin film specimen sample thus making the defects appear
bright on a dark image background. The dark-field imaging intensity is lower than
that of the bright-field imaging and this results in better contrast [137]. It is worth
mentioning that good strong diffraction in both bright-field and dark-field images can
be obtained under two-beam conditions, also called ‘strong’ two-beam conditions. In
these conditions, the foil is tilted to allow one set of diffracting planes at or very
close to the Bragg condition [136]. In addition, complementary contrast under two-
beam conditions, which is sensitive to weak lattice strains, yields to symmetry and
dislocation loop investigations.
Selected-Area diffraction (SAD)

The basic ideas of electron diffraction are based on Bragg’s diffraction law, that
is,

n\ = dpsind, (3.29)
where n is an integer, \ is the incident wavelength of the electron beam, dy; is the
inter-planar spacing and 6 is the diffraction angle. Selected-area diffraction (SAD) is
particularly useful because it allows direct correlation between the structural image
and the electron diffraction pattern (DP). But thin samples of less than 100 nm
are required to obtain transmission diffraction as a result of the weak penetrating
power of electron beams [43]. In addition, it is known that electron diffraction is
not very sensitive to minute amounts of amorphous components incorporated in a
diamond substrate, thus EELS is recommended in such cases as it has the ability of
distinguishing changes in the carbon bonding configurations [43]. Most importantly,
the separation of the diffraction spots on the viewing screen can be used in the
determination of the inter-planar spacing in crystals. Figure 3.16 [122] illustrates the

geometry of a selected area diffraction pattern, showing the ‘camera-length’ L, the
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Figure 3.16: Schematic diagram of the geometry of a selected area diffraction [122].
distance between the crystal and the photographic plate of the camera. Applying

Bragg’s law, we have:

2dsinf = A (3.30)
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For small angles or low order diffraction,
sinf ~ 1/2tan 26 (3.31)
According to the geometry of Figure 3.16,
tan20 = — (3.32)
an20 = — .
L

Substituting Eqn. 3.32 into Eqn. 3.31 and then into Eqn. 3.30 provides the ‘camera
equation’:

rd = AL (3.33)

where AL is the ‘camera constant’. It is easy to see that knowing the camera constant
AL, the inter-planar spacing can be determined by measuring the separation of dif-
fraction spots, . Furthermore, the indexing of diffraction patterns is made possible

by measuring the angle between the spots.

HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY

While conventional TEM imaging uses the diffraction contrast which measures the
intensity of the diffraction waves, high resolution transmission electron microscopy
(HRTEM or HREM) based on the phase-contrast imaging uses both transmitted
and diffracted beams, which interfere with each other to image directly the crystallo-
graphic lattice of a thin-film specimen [43]. Thus crystallographic details of the nature
of the radiation damage can be ascertained. Note that HRTEM requires very thin
samples of about 20 nm thick so as to get atomic structural information. For instance,
in this work, ion milled diamond samples viewed previously using conventional TEM

were further milled to meet HRTEM requirements.

ELECTRON ENERGY LOSS SPECTROSCOPY

Electron energy-loss spectroscopy (EELS) involves measuring the energy distribu-

tion of electrons that have traversed a thin specimen in a TEM. This is achieved by
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mounting a magnetic-prism spectrometer, also called the magnetic sector, after the
projector lenses of a TEM which acts as a prism to separate electrons of different
energies. Electrons which lose energy to the specimen move more slowly in the mag-
netic sector and thus are the most deflected. It is only electrons with a particular
energy that are deflected through the slit placed just at the focal plane of the mag-
netic sector of a ‘serial spectrometer’. A scintillator mounted after the slit records
the intensity of the electrons that have passed through the slit. Note that ‘parallel
spectrometers’, best known in Parallel-Collection EELS (PEELS) are the most used
in that they have a greater rate of data acquisition than the ‘serial’ ones. In addition,
PEELS gathers simultaneously the whole energy range unlike ‘serial’ spectrometers
which used to record sequentially each energy loss channel slowly and tediously [122].
In a typical EELS spectrum, the distribution of the electron intensity measured in
arbitrary units (a.u) is plotted against the energy loss measured in eV. The most
prominent feature in an EELS spectrum is the zero-loss peak corresponding to purely
elastic scattering. Inelastic scattering is divided into low-loss and core-loss regions of
the rest of the spectrum. The core-loss regions correspond to higher energy of the
order of 30-800 eV and imply the ionization of atoms via core excitations. Low-loss
regions relate to plasmon scattering of the order 10-30 eV which involves the promo-
tion of interband transitions from occupied valence states to conduction states. The

theoretical plasmon energy is predicted by the free-electron model [135]:
E, = hw, (3.34)

with

1
dme?p 2 1
Wy = ( i p) = 5.64 x 10%(p)? (3.35)

Me
where w,, is the plasmon frequency, e is the electron charge, p the electron density
[electrons per m?| and m, the effective mass of the electron. Combining Eqn. 3.34
and Eqn. 3.35 leads to:

E, = h x 5.64 x 10(p)? (3.36)
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For CVD diamond, the bulk plasmon peak energy has been observed experimentally
at 33 eV [138]. From Eqn. 3.36, one can see that the plasmon energy is affected by
the free-electron density and its knowledge can help in identifying the different phases

of carbon.



Chapter 4

Results and Discussion

4.1 Layout of the Chapter

This chapter presents and discusses the computer simulations performed before the
implantation, to predict the spatial and distribution of the damage final ion concentra-
tion of carbon into diamond, together with the experimental findings obtained using
complementary characterization techniques such as transmission electron microscopy

and Raman spectroscopy.

4.2 Simulation of ion implantation

Computer simulations of the ion-implantation process were done with the SRIM
[139](Stopping and Range of Tons in Matter)-2008 computer package, using a value
of 50 eV [6] for the displacement energy, to simulate the ion range and damage distri-
butions produced by the carbon ion multi-implantation, whose parameters are given
in Table 3.1. The Transport and Range of Tons in Matter (TRIM), and, by extension
SRIM package, is known to ‘statistically follow the trajectories of many ions shot into
the target material, by not only calculating the collision history of each ion with the

target atoms during the slowing down, but also by accumulating the vacancies and

80
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interstistials thus created, yielding, among others, absolute values of the amount and
depth profiles of damage caused by ion-implantation to a given fluence’ [89]. Tt is,
thus, desirable, if not essential in any radiation damage experiment to know before
implantation, the spatial distribution of both the damage and final ion concentra-
tion, especially after Prawer et al.[140] have shown that the SRIM computer package
is most applicable for low-temperature implantations (where diffusion is minimized)
as performed in this study.

However, one should bear in mind that SRIM overestimates the implant and damage
ion concentration as it does not take into account the following: the channelling of
ions, the binary collisions, the recombination of point defects, the phase changes and
the thermal annealing [11]. Figure 4.1 shows the vacancy distribution produced by

the carbon ion multi-implantation into diamond.
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Figure 4.1: A SRIM-2008 derived damage density produced by the carbon ion multi-

implantation into diamond whose parameters are given in Table 3.1 and calculated

for a total fluence of 7x 10 ions cm™2.
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Summing up the vacancy distributions of all the implants which comprise the
multi-implantation recipe versus the depth, gives the resultant vacancy distributions.
One can see from Figure 4.1 that the average damage density is roughly the same
from the surface to about 2000 A while the average projected range predicted by the
Monte Carlo program or the width of the implanted layer is ~ 2500 A. In addition,
the mean depth of implanted carbon ions, with mono-energies between 100 and 300
keV, into carbon targets is about 1000-3000 A [11], thus making keV implantations a
near-surface phenomenon as opposed to MeV implantations where damage is buried
deeper in the specimen of the order of few pum due to the fact that implantation

energies control depth profiles.

4.3 Conventional transmission electron microscopy

All the cross-section transmission electron microscopy (XTEM) and one plan-view
specimens were examined using conventional bright-field and electron diffraction tech-
niques in a 200 keV Philips CM20 TEM (Transmission Electron Microscope). Some
of the XTEM specimens were prepared using a conventional preparation method,
that is, mechanical thinning followed by ion milling and the other specimens were
prepared using the lift-out FIB-SEM (Focused Ion Beam-Scanning Electron Micro-
scope) technique. It is known that the electron beam used in TEM analyses, apart
from providing useful structural information, may also introduce some unwanted ra-
diation damage in the surface or bulk structure of a specimen thus altering its desired
properties. In this regard, Koike et al.[141] have shown that the displacement of car-
bon atoms by an incident electron beam along the <110> direction only takes place
above an accelerating voltage of 200 keV. Thus, all the thin diamond slices used in
this study, which fulfilled this condition, were imaged safely in the 200 keV Philips
CM20 TEM.
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4.3.1 X-TEM results of unimplanted, as-implanted and im-
planted and annealed samples obtained using conven-

tional preparation methods.

The TEM image in Fig. 4.2 of unimplanted HPHT (High-pressure, high-temperature)
synthetic diamond type Ib exhibits a high density of ripples most likely created by the
argon ion milling process. These artifacts introduced by the argon ion milling may
contribute to misleading interpretation of X-TEM results as observed in the present

investigation.

Figure 4.2: Cross-sectional bright-field TEM image of unimplanted type Ib HPHT
synthetic diamond. The surface region of the diamond contains a high concentration

of ripples. A two-beam diffraction condition was used to record the image.
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The TEM micrograph of etched/cleaned CT-implanted diamond (HPHT, type Ib),
to a low fluence of 5x10'® ions cm ™2 and annealed at 1600K (CIRA, that is, implanted
at LNy and rapid thermally annealed to 1600 K) in Figure 4.3 (a) does not exhibit
any visible defects due to the ion implantation and annealing. The etching/cleaning
process consisted of boiling the damaged diamond in an oxidising acid solution for 15-
30 min and rinsing in deionised water. In the case of the as-implanted diamond with

2 and unannealed shown in Figure

carbon ions to a high fluence of 6x10'® ions cm™
4.3 (b), the implantation damage in the form of a dark band is clearly visible. The
middle of the dark band is about 0.2 ym from the implanted surface. The dark band
was analysed by using electron diffraction (see insert) and found to be crystalline

rather than amorphous.

Figure 4.3: (a) Cross-sectional bright-field TEM images of etched C*-implanted di-
amond to a low fluence of 5x10' ions cm™2 and annealed at 1600K and (b) Cross-
sectional bright-field TEM images of etched C*-as-implanted diamond to a high flu-

2 and unannealed or rather warmed to room temperature.

ence of 6x 10'° ions cm™
The corresponding selected area diffraction patterns are shown in the inserts. The
implanted surfaces are indicated by the arrows. The white line (fringe) through the
arrowhead of Figure 4.3 (a) is a result of an out-focus image. Two-beam diffraction

conditions were used for both images.
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Figure 4.4: Cross-sectional bright-field TEM micrograph of unetched C*-implanted
diamond to a fluence of 1x 10'® ions cm™2 and rapidly annealed at 1600 K (CIRA)
with corresponding selected area diffraction pattern. The sample has a wedge shaped
edge as a result of ion milling and therefore show a number of thickness fringes close

to the edge.

The TEM micrograph of unetched C*-ion implanted diamond to a fluence of 1x
10 ions cm~2 in Figure 4.4 exhibits a number of thickness fringes but does not show
any visible defects due to the ion implantation followed by annealing. Furthermore,
the TEM micrograph of C*-implanted diamond to a fluence of 1x10' ions cm~2 in
Figure 4.5 does not show any ion implantation damage. The defects visible as fringes
close to the edge-consist of stacking faults and curved dark lines most likely caused
by the argon ion thinning process.

Using the FIB-SEM method has revealed various defects including platelets and dis-
location loops (See Figure 4.11). A FIB section was removed from the implanted and
annealed type Ia diamond. This sample was already mounted on a TEM grid and ion
milled using argon ion. The FIB section was removed from away from the electron
transparent region. Both diffraction patterns show the reflections of diamond which

indicate that the ion-implanted diamond to the low fluence of 1x 10" ions cm™2
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recovered its crystallinity upon annealing at 1600 K.

Figure 4.5: Cross-sectional bright-field TEM micrograph of unetched C*-implanted
diamond to a fluence of 1x10'® ions cm ~2 with corresponding selected area diffraction
pattern. This is the same sample as in Fig. 4.4 but viewed at a different position.
The sample has a thin region produced by ion beam thinning, showing - defects in
the form of fringes close to the edge. The fringes consist of stacking faults and curved

dark lines most likely caused by the argon ion milling process.

Figure 4.6 (a) shows a cross-sectional bright-field TEM image of an unetched
C*-implanted diamond to a high fluence of 7x10'® ions cm~2 at liquid nitrogen tem-
perature and rapidly annealed at 1600 K.

Microdiffraction analysis of the implanted layer indicated that it was amorphous,
however, it contains regions of nanocrystalline graphite, as evidenced by the 002 arcs
of graphite in the selected area diffraction (SAD) pattern in Figure 4.6 (b). The SAD
pattern was recorded by placing part of the aperture over the implanted layer only,
excluding the single crystalline diamond substrate. The SAD pattern of the substrate
in Figure 4.6 (c) shows the 111 reflections of diamond. The interface region between
the amorphous implanted layer and diamond substrate has dark defect contrast which

is due to the implantation damage at the tail of the projected ion range.
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Figure 4.6: (a) Cross-sectional bright-field TEM micrograph of unetched CT-
implanted diamond to a fluence of 7x10% ions cm™2 at liquid nitrogen temperature
and rapidly annealed at 1600 K with SAD patterns from the implanted layer (b) and
diamond substrate (c). The dark defect contrast at the interface region between the
amorphous implanted layer and diamond substrate is due to the implantation dam-
age at the tail of the projected ion range. The SAD pattern (b) from the amorphous
implanted layer exhibits the 002 arcs of graphite. The SAD pattern of the substrate

in (c) shows the 111 reflections of diamond.

4.3.2 Plan-view TEM results of ion beam thinned unimplanted
samples acquired using conventional preparation meth-

ods.

Plan-view TEM investigations of as-implanted synthetic type Ib and un-implanted
natural type Ia diamonds performed by using conventional thinning techniques had
two-fold objectives: firstly the assessment of any radiation damage to the diamond
lattice caused by both the ion milling process and transmission electron microscope

procedure, and secondly to follow the evolution of as-implanted diamond surface,



4.3. CONVENTIONAL TRANSMISSION ELECTRON MICROSCOPY 88

which would be impossible to achieve with CIRA processed diamonds samples (which
were rapid annealed after cold implantation.)

Figure 4.7 (a) corresponding to bright-field TEM micrograph of unimplanted synthetic
HPHT type Ib diamond does not show any visible extended defects while Figure 4.7
(b) which represents bright-field TEM micrograph of natural type Ia unimplanted
diamond shows a high density of platelets with no visible presence of line defects.
Figure 4.7 (a) and (b) display broad dark lines in the image which are bend contours
and thickness fringes which are more visible in the latter. The sharp diffraction
pattern spots of Figure 4.7 (a) are characteristic of crystalline diamond thus ruling
out any substantial damage inflicted to the sp® bonds during argon ion milling and

transmission electron microscopy procedures.
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Figure 4.7: Bright-field TEM micrographs of unimplanted diamonds: (a) unimplanted
synthetic HPHT diamond with corresponding selected area diffraction pattern in the
insert. No extended defects are visible and the diffraction pattern spots are sharp.
(b) Unimplanted natural diamond recorded in a thin region of the foil. A high density
of platelets is visible. No dislocations are present. The broad dark lines in the image

are bend contours and thickness fringes.

The TEM micrographs of unimplanted natural diamond (type Ia) shown in Figures
4.8 (a) & (b) are enlarged images recorded with two different operating reflections
of the small platelets visible in Figure 4.7 (b). These figures show a high density
of platelets, exhibiting the typical contrast of both edge-on and inclined platelets
on {100} planes. The operating reflections in Figures 4.8 (a) & (b) are g = 111
and g = 220 respectively, with the electron beam along the <110> direction. These
platelets observed in unimplanted type Ia diamond consist of planar defects which
were generally thought in the sixties [142] to be entirely of nitrogenous origin but
later found to be produced by the aggregation of self-interstitials [143] with a minute,

but essential content of nitrogen [115].
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Figure 4.8: Bright-field TEM micrographs of unimplanted natural diamond (type Ia)
with corresponding selected area diffraction patterns. A high density of platelets on
{100} planes, showing the typical contrast of both edge-on and inclined platelets, is
visible. The operating reflections are g = 111 in (a) and g = 220 in (b) with the

electron beam along the <110> direction.
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4.3.3 X-TEM results of as-implanted, low and high fluences
Ct-implanted diamond samples obtained using FIB-

SEM preparation method.

All transmission electron microscopy (TEM), High Resolution Transmission Electron
Microscopy (HRTEM) and Electron Energy Loss Spectroscopy (EELS) specimens
were prepared using a Helios Nanolab 650 FIB/SEM and the analyses were carried
out in a double Cs-corrected JEOL-ARM 200F HRTEM equipped with a Quantum
Gatan Image Filter.

The TEM bright-field micrograph in Figure 4.9 was acquired from a 3 mm disc
of synthetic type Ib diamond. It was first ion milled and analysed in a TEM for
the assessment of any radiation damage that might have occurred, caused by the
ion milling process or by the electron beam of the transmission electron microscope.
After ion milling and TEM analysis, the sample was then plan-view implanted with
single energy of 150 keV carbon ions at RT. A low dose rate of 1.2 yA/cm? was used
during implantation. Initial results of as-implanted diamond with high fluence of

2 near the edge of the milled hole, electron transparent regions, did

7x10% ions cm™
not reveal any visible defects due to the ion irradiation. In addition, further away
from the milled hole, there appeared to be some contrast, possibly due to the strain
from the radiation damage in thicker regions of the sample. This prompted us to use
FIB-SEM sample preparation method to extract a thin lamella from the implanted
region of the sample away from the ion milled hole and further polished it down to
about 50 nm so as to meet EELS and HRTEM very thin specimen requirements for
advanced investigations. The X-TEM bright-field micrograph of Figure 4.9 revealed
an 80.3 nm thick amorphous diamond layer within the ion irradiated volume following

the breakage and/or distortion of the C-C bonds, in agreement with SRIM simulation

shown in Figure 4.10. In addition, above the amorphous carbon zone one can see a
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quasi- crystalline diamond layer, extending from the surface up to about 130 nm.
No amorphous /graphitic tracks supposedly created during the passage of the carbon
ions in the electronic stopping zone were observed as predicted by the Morehead and
Crowder model [144]. This layer may consist of point defects which cannot be imaged

by transmission electron microscopy.

Figure 4.9: Cross-sectional bright-field micrograph of unetched C*-as-implanted di-
amond (HPHT, type Ib) to a fluence of 7x10' ions cm~2 showing an amorphous

region 80.3 nm thick at a depth of about 130 nm.

The theoretical damage distribution plotted against the penetration depth was
calculated with the aid of SRIM -2008 [139] and is presented in Figure 4.10. The
average projected range predicted by the Monte Carlo program is about 250 nm,

while the highest level of damage lies at a depth of about 160 nm. It is interesting to
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Figure 4.10: A SRIM-2008 derived damage density of C*-implanted diamond at 150

keV to a high fluence of 7x10% ions cm~2.

observe that the damage density as calculated by SRIM exceeds the critical threshold
of 1x10?% vac/cm? from the surface. One can see that the amorphous layer is created
only at a depth of 130 nm which correspond to a damage density of ~ 6x10%? vac/cm?
as observed in Figure 4.10. Future work would consist of annealing the sample to 1600
K to see if the near surface layer becomes amorphous. The width of the implanted
layer is (80£5) nm, in good agreement with the experimental findings (See Figure
4.9). The figure of (80£5) nm was obtained by the Gaussian fitting method which
overestimated the width by tens of nm.

The TEM micrograph in Figure 4.11 is the equivalent of that of Figure 4.4 with
one exception: the former lamella was acquired using a Helios Nanolab 650 FIB/SEM
and investigated in a double Cs-corrected JEOL JEM-ARM200F HRTEM equipped
with a Quantum Gatan Image Filter while the latter image was investigated using

conventional bright-field imaging technique in a Philips CM-20 operating at 200 keV
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with conventional polishing and ion milling sample preparation methods. Figure 4.11
exhibits a number of thickness fringes, result of preferential gallium ion milling and
does not show any visible defects due to the ion implantation followed by annealing
in the form of amorphous pockets in the implanted layer. Moreover, visible line and
planar defects, from the surface right through the bulk of the diamond sample, are
present. Two types of defects are visible in Figures 4.11 and 4.12. These are dis-
location loops on three sets of inclined {100} planes and platelets on three sets of
inclined {100} planes displaying stacking faults fringes. The reason why all three sets
of loops and platelets are visible in this image is because a multi-beam diffraction
condition was used for imaging with all six 220 type reflections excited and with the
electron beam along the <111> direction. The sharp nature of the diffraction spots
in the SAD patterns (see insert in Figure 4.11) indicate that the ion-implanted dia-
mond to the low fluence of 1x 10" ions cm~? remained crystalline upon annealing at
1600 K. It is noteworthy mentioning that the platelets and loops present in Figure
4.11 survived the high annealing temperature at 1600 K. The dislocation loops and
platelets alluded to in section 4.3.1, which are partially shown in Figure 4.11, are
presented in more detail in the TEM micrographs of Figure 4.12 (a). The magnified
image in Figure 4.12 (b) is an enlarged image extracted from the middle of image (a),
for clarity. These extended defects in the form of platelets (with stacking faults), are
typical of type Ia natural diamond used in this study.

The TEM micrograph of C*-implanted diamond (HPHT, type Ib) at liquid nitro-

gen temperature with a high fluence of 6x10'® ions cm™2

, warmed to room temper-
ature first and then annealed at 1600 K is shown in Figure 4.13 (a). We anticipated
that this should create an amorphous layer. The TEM micrograph does not show
the amorphous layer because it was etched away in the oxidising acid solution. In

addition, it was boiled in an oxidising acid which is known to etch away any graphitic

carbon.
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Figure 4.11: Cross-sectional bright-field TEM micrographs of unetched C*-implanted
diamond to a low fluence of 1x10 ions cm~2 and annealed at 1600 K with corre-
sponding selected area diffraction pattern in the insert. The SAD (Selected Area

Diffraction) pattern shows the 110 reflections of diamond.

Figure 4.12: Cross-sectional bright-field TEM micrographs of unetched C*-implanted
diamond to a fluence of 1x10% ions cm™2 and annealed at 1600 K beyond the im-
planted range. The magnified image in (b) is an enlarged image extracted from middle
of image (a), for clarity. A high density of loops on inclined {111} planes and platelets

on {100} planes are visible. The electron beam is along the <111> direction.
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The TEM micrographs in Figure 4.13 (b) of diamond (HPHT, type Ib) implanted
with carbon ions to a low fluence of 2.5 x 10'® ions cm™2 and rapidly annealed does
not show either any visible radiation effects and has reverted back to the diamond

structure. The TEM micrograph in Figure 4.14 is equivalent to that of Figure 4.6 (a)

Figure 4.13: Cross-sectional bright-field TEM micrographs of etched CT-implanted

2 warmed to room temperature then

diamond (a) to a fluence of 6x10' ions cm™
annealed at 1600 K and (b) implanted to a fluence of 2.5 x10'® ions cm ™2 and rapidly

annealed at 1600 K.

but with the former prepared using a lift-out cross-section sample preparation method
and investigated in a double Cs-corrected JEOL JEM-ARM200F HRTEM while the
latter image was investigated using conventional bright-field imaging technique in
a Philips CM-20 operating at 200 keV with conventional polishing and ion milling
sample preparation methods. An EELS spectrum images maps indicate that it was

amorphous (See Figure 4.14 (b)). This result indicates that the amorphous layer of
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Figure 4.14 (a) lies from the implanted surface to 250 nm , in agreement with the
Monte Carlo simulations shown in Figure 4.1. The interface between the implanted
layer and the substrate (shown by the horizontal arrow) consists of disordered carbon.

A more detailed account of this disordered carbon will be given in section 4.5.

Figure 4.14: (a) Bright-field TEM micrograph of unetched C*-implanted diamond
(HPHT, type Ib) with high fluence of 7x10' ions cm™ and annealed at 1600 K.
(b) EELS spectrum image map- obtained by using the 7* peak (284.1-289.9 eV),
corresponding to the (sp?), in the EELS spectrum of the implanted layer.

4.4 EELS results of un-implanted, as-implanted,
low and high fluences C"-implanted diamond.

The EELS core-loss spectra extracted from unimplanted diamond layers shown in
Figure 4.15 (a), Figure 4.16 and Figure 4.17 (a) are all characteristic signatures of
that of natural diamond, that is, the absence of any peak below around 291 eV

followed by the presence of the core-loss K-edge peak at 291 eV which is associated
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with the excitations of 7* states of sp® with no pronounced drop to low signal for at
least 14 eV [145, 146, 147]. The Core EELS spectrum acquired from as-implanted
diamond with carbon ions to a fluence of 7x10% ions cm ™2 at 150 keV, RT, shown in
Figure 4.15 (b) shows no sp? bonded carbon whose edge lies close to 285.5 eV. The
carbon K-edge is at 291 eV which indicates a high degree of disorder in the implanted

zone. It is clear that no graphitic carbon is created during ion irradiation.
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Figure 4.15: (a) Core EELS spectrum acquired from diamond substrate, away from
the implanted layer. (b) Core EELS spectrum acquired from C*-as- implanted dia-

mond to a fluence of 7x10% ions cm~2 at 150 keV, room temperature.

The line shape of K-edge in the spectrum acquired from diamond implanted with
carbon ions to a low fluence of 1x10% ions cm™2 and annealed at 1600 K (CIRA)
which is shown in Figure 4.16 is similar to that of unimplanted natural diamond thus
corroborating the findings of TEM in conjuction with selected area diffraction which

showed that the damaged diamond in the aforementioned conditions reverted back



4.4. EELS RESULTS OF UN-IMPLANTED, AS-IMPLANTED, LOW AND HIGH
FLUENCES CT-IMPLANTED DIAMOND. 99

3 I
=
S |L
.
| . ‘F!rl--\‘"
5 II ™
2 k } T
o G,
z !
e
>
E
=)
oo S00

Energy Loss (eV)

Figure 4.16: Core EELS spectrum acquired from C*-implanted diamond to a fluence

of 1x10% ions em™2 and annealed at 1600 K.

to crystalline diamond.

Figure 4.17 (a) shows an EELS spectrum of the bulk diamond comparable to that
of unimplanted diamond and Figure 4.17 (b) is an EELS spectrum of the carbon
K- edge obtained by using a window centered upon the 7* peak (284.1-289.9 eV)in
Figure 4.17 (b) from the implanted layer with carbon ions to a high fluence of 7x 10"
ions cm~2 and annealed at 1600 K.

Although the 7* peak is an indication of the sp? character of the carbon layer, the
overall EEL spectrum in Figure 4.17 (b) is characteristic of highly disordered carbon
[148] and the spectrum image map of the implanted layer shown in Figure 4.14 (b)
indicates that the implanted layer consists of disordered carbon. These findings were

confirmed by HRTEM imaging across the implanted region shown in Figure 4.18 (b).
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Figure 4.17: (a) EEL Spectrum acquired from bulk diamond (un-implanted) and
annealed at 1600 K. The EELS spectrum above indicates the crystalline structure
of diamond. (b) EEL Spectrum of the carbon K-edge acquired from CT-implanted
diamond layer to a high fluence of 7x10'® ions cm~? and annealed at 1600 K. A
pre-edge peak is assigned to the transition from the 1s core level to antibonding 7*

levels above the Fermi level.

4.5 HRTEM results of high fluence carbon implanted
diamond.

Figure 4.18 (a) is a high-resolution TEM images of unetched C*-implanted diamond
to a high fluence of 7x10' ions cm~2 and annealed at 1600 K. The insert shows a
corresponding selected area diffraction (SAD) pattern which exhibit the 002 arcs of
graphite. The enlarged HRTEM image in Figure 4.18 (b), acquired across the im-
planted region, clearly shows the presence of regions with bent (002) graphitic fringes
and regions of amorphous carbon.

The HRTEM image in Figure 4.19 shows the interface between the implanted layer
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Figure 4.18: (a) High-resolution TEM images of C"-implanted diamond to a high
fluence of 7x 10 ions cm ™2 and annealed at 1600 K. Insert: Corresponding selected
area diffraction (SAD) pattern. The SAD pattern exhibits the 002 arcs of graphite.

(b) Enlarged HRTEM image acquired across the implanted region.

and the diamond substrate (see the horizontal arrow of Figure 4.14 (a)). Diamond
crystallites (D), interspersed between regions of amorphous carbon (A) and partially
graphitized carbon (G), are visible in this region. An interesting observation is the
lattice images of extended defects (arrowed) visible in the diamond structure at the
interface between the implanted region and the diamond substrate shown in Figure
4.19. These defects, which might have been responsible for the dark diffraction con-
trast visible in Figure 4.14 (a) (See horizontal arrow) were produced at the tail of
the projected range of the carbon ions where the ion dose was too low to render the

diamond amorphous.
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Figure 4.19: High-resolution TEM images of the interface between the implanted layer
and diamond substrate. Diamond crystallites (D), interspersed between regions of
amorphous carbon (A) and partially graphitized carbon (G), are visible. The arrowed
region shows lattice images of extended defects. The selected area diffraction pattern
corresponds to the diamond substrate. The SAD pattern of the substrate shows the

111 reflections of diamond.

4.6 Raman spectroscopy of unimplanted, ion-beam
thinned, as-implanted, low and high fluence
C*-implanted and annealed diamond samples.

Raman spectroscopy is known as a non destructive tool of crystalline and non-
crystalline phases of carbon [149] hence its choice to complement the transmission
electron microscopy based techniques used in this work. All the Raman spectra were
performed at room temperature and were acquired with the aid of Jobin-Yvon T6400
Raman spectrometer. The argon ion-laser with an excitation wavelength of 514.5

nm was used along side with the green emission line of a mercury lamp at position
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1122.42 cm~! employed for Raman spectral calibration.

The power at the sample was nearly 1% of the initial power so as to minimize heat-
ing to the diamond sample. For unimplanted natural type Ia and synthetic HPHT
type Ib diamonds, the Raman spectra were acquired over a linemap, with the 1800
lines/mm grating and 10 points in a 6 pum straight line accross the centre of the dia-
mond sample.

Figure 4.20 shows a typical first-order Raman spectrum of unimplanted HPHT syn-
thetic type Ib diamond. The Lorentzian peak fitting method allowed the determina-
tion of the Raman peak position and the full width at half maximum (FWHM). A
sharp Raman peak position at (1330.94140.008) cm™! with FWHM of (2.084:0.03)
1

cm™ " were observed in the Raman spectrum. Similarly, Figure 4.21 shows a typical
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Figure 4.20: Raman spectrum of unimplanted HPHT synthetic type Ib diamond.

first-order Raman spectrum of unimplanted natural type Ia diamond. Its peak posi-

tion and FWHM with the estimation of their corresponding errors are (1332.02440.007)
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cm ™! and (2.36+0.02) cm™?, respectively. Thus the synthetic HPHT and natural di-
amonds used is this study were of good quality as widths in the range of 2 cm™! are

known to be characteristic signatures of good quality diamonds [150].
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Figure 4.21: Raman spectrum of unimplanted natural Ia diamond.

Figure 4.22 shows Raman spectra acquired from ion-beam thinned sample (HPHT,
type Ib) examined in a 200 keV Philip CM20. Thus, any radiation damage inflicted to
the diamond lattice by both the ion-beam thinning procedure and TEM observations
prior to ion implantation, should, in practice , be assessed. In this regard, the Raman
spectrum was acquired from electron transparent regions, very close to the perforated
hole. From Figure 4.22, one can see that the intensity of the diamond phonon peak
of the ion-beam thinned sample is very low because the volume sampled is small. In
addition, the Raman spectrum obtained from the ion-beam thinned/TEM processed

diamond (HPHT, type Ib) shows a broad peak at about 1525 cm™! with correspond-
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ing linewidth of about 174 cm™! which is consistent with amorphous carbon. This is
most probably due to the sputtering process which would leave some residual mate-
rial behind from the ion milling process. Indeed, even though the observed Raman
spectrum shows stress and strain and amorphous carbon, the corresponding TEM mi-
crograph shown in Fig. 4.7(a) shows crystalline diamond. Also, the diamond phonon
peak is about 1330 cm™! with FWHM of 5 em™!. The broadening of the width of

! may be explained by stress

the diamond phonon peak from 2.08 cm™! to 5 cm™
created near the milled diamond surface. Furthermore, the strain in the electron
transparent regions may be the cause of the decrease in the Raman frequency due

to an increase in tensile stress. Figure 4.23 show a Raman spectrum of an unetched
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Figure 4.22: Raman spectrum of ion-beam thinned (IBT)/TEM analysed diamond.
The Raman spectrum was taken from regions near the perforation, that is, electron

transparent regions

Ct-as-implanted HPHT synthetic type Ib diamond, at room temperature at 150 keV,
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Figure 4.23: Raman spectrum of unetched C*-as-implanted diamond at room tem-

perature, to a fluence of 7x10'® ions cm~2 (close to the edge of the perforated hole).

to a fluence of 7x10' ions cm™2. The implantation was performed in the plan-view
fashion where implanted ions crossed the electron transparent regions of the ion-beam
thinned diamond sample. This was possible because the width of the implanted ions
(0.25 pm) is much larger than the thickness of electron transparent regions which is
about 100 nm. A G peak was 1568 cm™! at the perforated hole and its linewidth
narrowed was 113 cm™!. Interestingly, a peak splitting was observed, with the first
diamond phonon peak shifting into two sharp components whose wavenumbers are
1328 and 1317 cm™!. The peak splitting arises most likely from tensile stress within
the electrons transparent regions of the ion-beam thinned through which the acceler-
ated ions at 150 keV would have passed. Indeed further Raman analysis performed
in thicker regions of the ion-beam thinned diamond which were subjected to the same

implantation conditions showed the same broad G peak at 1568 cm~! with no indi-
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cation of any peak splitting in the diamond line. The broad G peak at 1568 cm™! is
characteristic of amorphous carbon-like structure.

The following Raman measurements were done in the cross-sectional fashion (See
Figure 4.24), redrawn from reference [151], where edge implantations were performed
and followed by rapid thermal annealing. This cross-sectional configuration allows
the laser spot to be focused on a uniform implanted edge of about 0.25 pum from
the surface. However the fact that the laser probe covered a diameter of about 4
times larger than the implanted layer-it necessarily implied the sampling of portions
of unimplanted diamond. Hence, in all the cross-sectional implantations, the sam-
pling of unimplanted could be avoided by placing the laser probe thoroughly almost

tangent to the implanted edge. Figure 4.25 shows low fluence (2.5x10'® ions cm™2),

Micro-Raman analysis
Implanted layer

\
\ | aoum

P N— keV multi-
0.25um implantation

Figure 4.24: Schematic diagram, not to scale, showing cross-sectional geometry of
ion-implantation radiation damage in diamond, redrawn after [151]. The thickness of

the diamond is 40 gm while the width of the implanted diamond (edge) is 0.25 pm.

unetched CT-implanted diamond at liquid nitrogen temperature and rapidly annealed
at 1600 K. It shows both D (disorder-induced) and G bands which are known to arise
from ‘the breathing motion of sp? rings and the stretching of sp? in both rings and

chains’[152, 153], respectively. One can see that a sharp first order diamond peak was
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Figure 4.25: Raman spectrum of unetched C*-implanted diamond (HPHT type Ib)

2 and rapidly

at liquid nitrogen temperature with low fluence of 2.5x10% ions cm™
annealed at 1600 K. A weak D band and a broad G peak are observed from carbon
contamination. The Raman spectrum was acquired after the CIRA process, i.e. before

glueing and milling.

overlapped by a faint or rather a weak D peak at 1341 cm™!, while a broad G peak
at 1599 cm~! was observed. The corresponding TEM showed crystalline diamond
(See Fig. 4.13 (b)). The observed D and G bands from the Raman for this sample is
due to carbon surface contamination from the implantation/annealing process. This
contamination is usually observed when the diamond is not cleaned by boiling in an
oxidising acid solution.

Figure 4.26 shows high fluence (7x10" ions cm™2), unetched CT-implanted di-
amond at liquid nitrogen temperature and rapidly annealed at 1600 K. A sharp D
(1355 cm™!) peak and a broad G (1597 cm™!) peak are observed. The FWHM of the

D and G bands are 35 cm™! and 49 cm™?, respectively.
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In addition, a sharp diamond phonon peak at 1332 cm~!, though low in intensity, is
visible due to unavoidable overlap of the laser probe which passed some unimplanted
diamond. The D and G peaks as seen in the Raman spectrum, are a signature of
amorphous carbon spectra consisting of disordered carbon-findings confirmed by pre-

vious HRTEM and EELS studies.
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Figure 4.26: Raman spectrum of unetched C*-implanted diamond (HPHT type Ib)

2 and rapidly

at liquid nitrogen temperature with high fluence of 7x10'® ions cm™
annealed at 1600 K. Sharps D and G peaks are visible. The Raman spectrum was

acquired after the CIRA process, i.e. before glueing and milling.



Chapter 5

Summary and Conclusions

The main purpose of this work was to understand the nature of the radiation damage
accompanying carbon implanted and annealed diamonds. In this work, high-pressure,
high temperature (HPHT) synthetic type Ib and natural type la diamonds irradiated
by carbon ions according to the CIRA (Cold-Implantation-Rapid-Annealing) routine
were investigated using cross sectional transmission electron microscopy coupled with
selected area diffraction (SAD), High resolution transmission electron microscopy
(HRTEM), electron energy loss spectroscopy (EELS) and Raman spectroscopy.

For sample preparation, two complementary methods were used to create cross sec-
tional TEM samples from single crystal diamond. The first method consisted of
combining mechanical polishing and ion milling, which was lengthy and challenging.
The second method used FIB-SEM and in situ lift-out which turned out to be much
faster and more reliable than the former. In addition, complementary characteriza-
tion methods were chosen carefully so as to get thorough details of any amorphization
and graphitic phase change of single-crystal diamond substrate subjected to ion im-
plantation followed by annealing. In this regard, informative details were obtained
using high resolution transmission electron microscopy (HRTEM) in conjunction with
electron energy-loss spectroscopy (EELS) which imaged not only the crystallographic

structure of the damaged diamond but also correlated EELS spectra with the radia-

110
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tion effects viewed in HRTEM.
The results obtained show that as-implanted high pressure high temperature type
Ib diamond with single energy of 150 keV carbon ions and fluence of 7x10% ions

2 revealed an amorphous sp3-type diamond layer of about 80 nm in thickness.

cm
In unimplanted type Ia natural diamond, a high density of platelets, exhibiting the
typical contrast of both edge-on and inclined platelets on {100} planes was found.
Also, it was found that irradiated HPHT synthetic type Ib diamond at sub-critical
implantation fluences followed by a rapid thermal annealing (RTA) in a flowing ar-
gon atmosphere anneals back to crystalline diamond. In contrast to the sub-critical
implantation fluences, i.e., above the critical threshold, the damaged diamond layer
consists of disordered carbon comprising regions with bent (002) graphitic fringes and
regions of amorphous carbon. Also, Raman spectroscopy of the damaged diamond
layer above the critical threshold showed both D (disorder-induced) and G peaks
which are known to arise from ‘the breathing motion of sp? rings and the stretching
of sp? in both rings and chains’[152, 153], respectively. These are a signature of dis-
ordered carbon thus corroborating HRTEM and EELS findings.

It is important to stress that immediately following ion irradiation to fluence well
above the critical threshold, no graphitic carbon is observed in the implanted layer.
It is only upon annealing that graphitic sp? carbon is observed in the EELS spec-
trum. Furthermore, the interface between the implanted and annealed layer and the
diamond substrate at the end of the range, showed diamond crystallites interspersed
between regions of amorphous carbon and partially graphitized carbon. This indi-
cates that solid phase epitaxial recrystallization regrowth in diamond does not occur.
Also, it is worth mentioning that the end of range damage in keV implants is similar
to that of MeV implants

No extended defects in the form of dislocation loops which occur in silicon, for in-
stance, at the end of range after implantation followed by annealing were observed in

this study.
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The damage threshold for keV implants is estimated to be at ~ 6x10%* vac/cm? for
single energy implantation of carbon ions at 150 keV, which is almost six times higher
than the known damage threshold (1x10?? vac/cm?) for keV single energy implanta-
tions.

The CIRA method which consists of implanting the total fluence with a spread of
energies i.e. over larger width is more advantageous than implanting the total fluence
at a single energy. Indeed, one can see that the micrograph of Figure 4.3b shows a
dark band of damage after a LNy implant ,which was not annealed, with the total
fluence spread by using different energies. The implanted area still shows a high
degree of order after implantation to a high fluence. In contrast, the micrograph of
Figure 4.9 obtained for a nearly similar fluence but at single energy, room temper-
ature and pressure shows a more apparent contrast in the damaged region. Both
these fluences were chosen above the critical damage threshold. It therefore stands to
reason that the recovery of the diamond structure is better achieved with the fluence
spread over a wider width. In addition, the initial idea as proposed by Morehead
and Crowder with regards to the precipitation of damage appears not to be applica-
ble to diamond. If any graphitic regions created along the ion track due to thermal
spikes were created, one should have observed these regions at atomic resolution in
the EELS spectra after implantation. Within the context of this study, there is no
evidence of graphitic carbon. The graphitic regions observed in the case of a high
fluence implant followed by a rapid annealing were nano crystallites of graphite in
an ‘amorphous carbon’ matrix, implying that there were no long range order of the
carbon atoms. Last but not least, for future work, it would be interesting to follow the
evolution of the implantation damage in annealed diamond, varying ion fluences, the
annealing temperatures, ion species and dose rates, using TEM, HRTEM, EELS and
Raman spectroscopy characterization techniques. The latter variable (dose rates) is

often ignored but can be very important when nucleation events become influential.

lsp3 bonded carbon with no long range order.
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