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Abstract

The production of negative ions in low temperature plasmas presents significant op-
portunities and challenges for technological applications and fundamental plasma physics.
Negative hydrogen ions are of particular interest for applications including materials surface
processing, mass spectrometry, and neutral beams. Negative ions in hydrogen plasma are
produced via both volume and surface processes. The surface production of negative ions in
hydrogen plasmas is important for the development of next-generation neutral beam heating
systems, and in particular for decreasing the reliance on caesium. To address this challenge,
the production of negative ions using doped diamond is investigated. Continuously and
pulsed bias ( 20 Vor 130V at 5 kHz), nitrogen doped micro-crystalline diamond films are
introduced to a low pressure deuterium plasma (2 Pa, 26 W or 2 Pa, 130 W) and negative
ion energy distribution functions are measured via mass spectrometry with respect to the
surface temperature (30°C to 750°C) and dopant concentration. The results show that the
use of nitrogen doping can enhance negative ion yield from diamond above that observed
under similar conditions for un-doped diamond. A relatively low yield is observed using a
pulsed bias compared to a dc bias, which suggests that a certain ratio of defects to preserved
diamond bonds on the films can promote optimum conditions for negative ion formation.
The volume production of negative ions is investigated in the context of inductively cou-
pled plasmas, which for high power densities - and surface fluxes - are subject to significant
spatial gradients in the neutral gas temperature and density. To meet this challenge, we
build upon established simulation work in the context of low power density capacitively cou-
pled plasmas to simulate negative ion production via 2D fluid-kinetic simulations with the
Hybrid Plasma Equipment Model, which enables self-consistent calculation of gas heating
for all of the vibrational levels of the ground electronic state. The simulations, which show
good agreement with previously published experimental data (6-20 Pa, 300 W), are used to
investigate the impact of gradients on the macroscopic plasma properties and the negative
ion production. The results demonstrate that when thermal gradients are present in the
plasma, atomic hydrogen and the vibrational states diffuse down the gradients, affecting
their distribution within the plasma. However, it is observed that thermal gradients have
only a small influence on negative ion density despite observed changes in the densities of
the vibrational states in the bulk of the plasma. The results of this work are expected to be
of interest for the fundamental understanding of low-temperature hydrogen plasmas and the

development of negative ion sources.
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Chapter 1

Introduction

This thesis was motivated by a desire to develop the understanding of negative ion pro-
duction in low temperature hydrogen plasmas. Current challenges in the eld include the
development of new materials for enhancing the surface production of negative ions, and show
how spatial gradients in the charged and neutral species can impact upon macroscopically
observed plasma behaviour.

The introduction to this thesis is laid out so as to introduce the \surface" and \volume"
challenges sequentially. The low temperature plasma state, with a focus on electronegative
plasmas and hydrogen, is introduced in section 1.1. After this, the process of surface pro-
duction of negative ions from metals and dielectrics is described in section 1.2 and a current
challenge in the context of negative ion sources for magnetically con ned fusion is explained.
In section 1.3, the physics of volume production is introduced, followed by an explanation
of current challenges and a path to addressing these. An overview of the thesis is given in
section 1.4.

1.1 The low temperature plasma state

The plasma state is described as an ionized gas containing freely and randomly moving
electrons and ions. For this work a particular type of plasma, referred to as low temperature
plasma, is considered. The use of the term low temperature refers to the fact that the
electrons are not in thermal equilibrium with ions and neutrals, where electrons have energies
of a few eV while ions and neutrals have an energy a factor 100 lower than thig. Typically,
low temperature plasmas have a relatively small density of ions and electrons compared to
the density of neutral species, with an ionisation fraction of less than 1%. The vast parameter
space of electron temperature and density characteristic of natural and man-made plasmas
is shown in gure 1.1.
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Figure 1.1: Parameter space of electron density and temperature that is spanned by natural and
man-made plasmas. The value pe de nes the Debye length, which is the characteristic length scale

of the plasma. The envelope of electron temperature and density of particular interest to this thesis,

low temperature plasmas at low pressure, is highlighted by the shaded region. Figure adapted from
Ref. 2

The presence of charged particles enables a plasma to respond to externally applied
electric and electromagnetic elds which has made them uniquely useful across many di erent
technological applications®?. For example, plasmas are useful as a means of generating
chemically active species that can be used to change other materials direcl{/ , or as the
source of useful species such as ions, photons, excited species, free radicals or hot gas that
can be used in other secondary applications®810,
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1.1.1 Electronegative plasmas

In principle, any type of gas can be used to generate a plasma so long as su cient power is
coupled to generate ionisation. The choice of gas depends on the particular application the
plasma is to be used fof. It is possible to use gas that can form compounds, molecules or
atoms that have a negative charge, or for dust particles to accumulate in the plasma that be-
come negatively charged. In some cases the in uence of negative species within the plasma
is signi cant, meaning that the macroscopic properties of the plasma are changet?''. This
type of plasma is typically referred to as an electronegative plasma or an electronegative
discharge.

A low temperature, electropositive plasma has approximately equal densities of electrons
and positively charged ions. As electrons are much lighter than ions, they have a larger
thermal velocity. Electrons close to the walls and surfaces immersed in the reactor are
therefore likely to reach them before the ions, after which they will be lost from the plasma.
In order for the plasma to exist at steady state, an electron de cient region forms which
prevents further loss of electrons through the formation of a positive potential. This near-
surface region over which the positive potential acts is known as a plasma sheat.

In electronegative plasmas, the addition of negatively charged, high mass species changes
the formation of the plasma sheath and therefore the behaviour of the plasma. The negative
ions have a mass comparable to positive ions, which combined with their identical charge
to the electron means that they are con ned by the sheath to the centre of a plasma, and
cannot conventionally leave the plasma bulk unless external elds extract thent. This
increases the electron temperature within the plasma which in turn drives changes in the
other properties?. Therefore, the analytical principles that are applicable to electronegative
plasmas are distinct from those of their electropositive counterpartg211{13,

Electronegative plasmas are most commonly formed from the halogen elements such as
chlorine, either as a pure halogen plasma or by the addition of them as an admixturke?.
The most common application of these types of electronegative plasmas are in plasma-surface
processing, such as etching and deposition of materials. For example, chlorine can be added
to plasmas that are used for thin Im etching of copper!*. Electronegative plasmas can also
have more novel uses, such as the formation of ion-ion plasma. For example, §Ras been
used to form an electronegative plasma from which negative ion ux can be extracted while
minimising that for electrons *>(17, Other non-halogen elements, such as oxygen or hydrogen,
can also be used to form electronegative plasmas, nding applications in, for example, the
production of ion beams'®19,

1.1.2 Hydrogen plasmas

Hydrogen plasmas are of interest for a wide variety of technological applications, including:
microelectronics™®, environmental studies, aerospacé” 2!, Chemical Vapour Deposition, and
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surface processing. They can also be used as a source of proténsThe fact that it can form

a stable negative ion has led to the development of many technologies that seek to extract
them for applications away from the plasma. Hydrogen plasmas as a source of negative ions
have been used in applications such as particle acceleratiéh23{26 neutron generation?’-28,
mass spectrometn?2  nano-electronics manufacturing®®, and neutral beam heating for
magnetic con nement fusion (MCF) 3437,

Alongside the development of hydrogen plasmas for technological applications, the funda-
mental physics of it have also been studied®*°. Compared to other types of electronegative
plasmas, hydrogen plasma is acknowledged as being relatively \simple". It is typically com-
posed of dissociated hydrogen atoms, electrons, three types of positive ions {HH3 , H3),
the negative atomic ion, and the hydrogen moleculé!. This relatively low number of species
belies a complexity that arises because the hydrogen molecule can occupy a large number of
guantum states, as shown in gure 1.2.
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Figure 1.2: A potential energy curve diagram showing the energy of a selection of excited states of
hydrogen. The vibrational energy levelsv = 0, v = 5, and v = 10 of the hydrogen molecule are
highlighted. Figure adapted from Ref. 2

The interactions of these ro-vibrational states with each other has been studied for many
years*2{60

The technological applications that utilise hydrogen plasma require an understanding of
the kinetic and spatial distribution of each neutral, excited and charged specie$-%2. This
requires an understanding of the production and distribution of negative ions. Applications
that extract negative ions from a hydrogen plasma also require an understanding of the
processes that lead to negative ion formation.

1.2 Surface production of negative ions

The surface production of negative ions occurs via the interaction of plasma species with
plasma-facing materials. This process is highly dependent on the nature of the surface in
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contact with the plasma. Plasma-facing surfaces can typically be separated into two groups,
metallic surfaces and dielectric surfaces.

1.2.1 Production of negative ions from metallic surfaces

Figure 1.3 illustrates the key processes that occur when a metal surface interacts with a
hydrogen atom.

Figure 1.3: Schematic of electron a nity for a hydrogen atom approaching a metallic surface. (a) The
atom at a large distance has an a nity level of 0.75 eV, but when close to the metallic surface the
anity level is downshifted, which allows an electron to tunnel from the valance band (VB) to the
hydrogen atom. (b) As the hydrogen atom, with electron attached, moves away from the surface,
the electron can tunnel back to empty states in the conduction band (CB) of the metal surface.E ¢
represents the vacuum energy levelE ¢ the Fermi level and the work function of the metal surface.
Figure adapted from Ref. 63

Generally, for atoms approaching a surface, the a nity level of the atom is gradually
downshifted until it overlaps with the valence band of the material. Electrons can then
tunnel from the valence band of the surface to the approaching atom and form a negative
ion, which is known as the resonant charge transfer (RCT) process, as summarised in Ref.
64 and depicted in gure 1.3 (a). For a metal, the conduction band is situated on top of
the valence band. When a newly created ion begins to leave the surface, the probability of
electron loss through tunnelling back to the conduction band is high due to the resonance
between the a nity level of the negative ion and the empty states of the conduction band,
as shown in gure 1.3 (b). This means that most metals produce negligible negative ions
through surface ionisation®®. However, metals with a low work function can be used to
enhance negative ion production. A low work function increases the distance at which the
resonance between the a nity level of the new ion and the empty conduction states occurs,
reducing the probability that the electron tunnels back to the surface®*5°,
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1.2.2 Production of negative ions from dielectric surfaces

In contrast to metals, where the conduction band lies on top of the valence band, the band
gap of dielectrics suppresses the tunnelling of electrons from a newly created negative ion
back to the surface of the material. This is shown in gure 1.4.

Figure 1.4: Schematic of electron a nity for a hydrogen atom approaching a dielectric surface.
(8) The anity level of the atom is downshifted such that electrons can tunnel from the surface
to the approaching atom, but the atom must be signi cantly closer to the surface than for a metal
surface because the valance band (VB) is at a lower energy level. (b) As the hydrogen atom with
attached electron moves away from the surface, the electron is prevented from tunnelling back to the
dielectric surface due to the band gap, until it is too far away from the surface for the electron to be
in resonance with the conduction band (CB). E,c represents the vacuum energy level and EA the
electron-a nity. Figure adapted from Ref. 63

In gure 1.4 (a), in a similar manner as for a metal surface in gure 1.3 (a), the hydrogen
atom approaches the dielectric surface and an electron can tunnel from the valence band
of the surface of the material. However, as shown in gure 1.4 (b), as the hydrogen atom
with attached electron moves away from the surface, the band gap prevents the electron
from tunnelling back to the surface. This means that a new negative ion can travel a larger
distance away from the surface before it reaches a point where its a nity level is in resonance
with the empty states of the conduction band. The increased distance of the ion from the
surface reduces the probability that the electron associated with the new negative ion will
tunnel into the empty states of the conduction band, thereby increasing the negative ion
yield 63.66,

1.2.3 Surface production of negative ions for neutral beam heating source:
state-of-the-art

Negative ions for use in neutral beams for magnetic con ned fusion are produced primarily
through surface production processe¥. This is achieved through the generation of a hy-
drogen plasma in an expanding inductively coupled plasma (ICP) driver, and extraction of
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negative ions through a series of grids in combination with a transverse magnetic eld to
minimise co-extracted electrons. Negative ions produced by surface interaction processes in
close proximity to the grid are then extracted using electrostatic biasing®’-°®. High power

( 60 kw) and low pressure ( 0.3 Pa) ICP sources are used to minimise the collision of
hydrogen species with the negative hydrogen ions which may cause their neutralisation and
a reduction in the overall device e ciency 3*. Figure 1.5 shows a recently developed neutral
beam source.

Figure 1.5: Diagram of the ELISE negative ion source developed for neutral beam heating with the
major components labelled. Figure from Ref. 69

Caesium is added to the hydrogen plasma as this has been shown to greatly enhance the
production of negative ions'®’%71, The mechanism for this increase has been demonstrated
to be due to the caesium forming a low work function layer on the surfaces in contact with
the plasma. The addition of caesium has since been critical for the successful deployment
of negative ion sources for fusion, in particular for the negative ion source for the ITER
project 7274,
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1.2.4 Current challenges: alternative materials to low work function alkali
metals

A challenge for the next generation of negative ion sources is to remove the reliance on
caesium. Itis necessary to enhance the production of negative ions, but introduces signi cant
engineering complexities. These include having to develop methods to control the amount of
caesium being introduced to the neutral beam source during its operation so as to maintain
a coating of caesium within the device, as well as limiting caesium pollution of the external
components’™®. A quick calculation of the amount of caesium being introduced to the device
during its operation (20 mg per hour) suggests that a substantial 1 kg of caesium is to be
injected into the negative ion source every 6 year®. Further to this, extensive work is
necessary to ensure acceptable performance of the device during its operatfdn’®. This has
led to a desire for alternative plasma-facing materials to be investigate®">.

Currently there are numerous materials under investigation that include highly oriented
pyrolitic graphite (HOPG) 6376{78 novel electrides’®, LaBg, MoLa®’, as well as those that
have dielectric properties such as diamond-like-carbon (DLC) and diamond®{78:81{86 _ Novel
electrides are of interest due to their low work functions’®. However, durability and sus-
ceptibility to contamination may limit their e ectiveness and work is ongoing to investigate
how these materials behave when exposed to plasmas like those found in neutral beam
source$’-®, Low work function metal surfaces such as MoLa and LaB have previously
been shown to be e ective negative ion producing materials compared to other metals such
as stainless steél, but their e ectiveness cannot be easily enhanced further as they are
limited by the inherent physical properties of the metal.

As previously introduced in section 1.2.2, one category of materials that has been pos-
tulated as being potentially suitable for high negative ion yields is dielectric$68%°0, Of
particular interest is diamond ©3. It is possible to grow diamond with speci ¢ physical and
electronic properties”{®3. This is an attractive proposition as it would then be possible to
optimise negative ion production through careful selection of a particular surface property
or use insights from fundamental studies to develop alternative materials based upon the
favourable properties of diamond, some of which are listed below.

It is a dielectric with a large band gap (5.5 eV)%* that suppresses the destruction of
negative ions as they leave the surface of the material.

It can be grown to have “designer' properties such as the preferential growth of a
particular crystal face to alter the electronic structure of its surface®.

When it is being grown, dopants can be introduced to change its e ective work function
and electron a nity 95198,

It can have a negative electron a nity when the surface is hydrogen terminated®*,
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which reduces its e ective work function by decreasing the energy gap between the
valence band and the vacuum level. This is thought to have a positive in uence on
negative ion production®,

" When heated to 450 C, diamond has previously been shown to produce ve times more
negative ions compared to other forms of carbon e.g. graphit&.

As a means of increasing the production of negative ions, previous work with diamond
has investigated using single, nano- and micro-crystalline diamond and alsp-type doping
of micro-crystalline diamond (MCD) using boron’®. The addition of boron to diamond has
previously been demonstrated to increase the negative ion production, and it is of interest
to investigate other dopants which may further increase this.

The n-type doping of diamond using nitrogen has not previously been studied in this
context and it can potentially increase negative ion production for two reasons. Firstly, pre-
vious studies of the electronic properties of nitrogen doped diamond have demonstrated that
nitrogen doping creates a deep donor level in the band gap of the diamond at 1.7 €¥. This
decreases the e ective work function to approximately 3.1 e\V\%°, which is lower than boron
doped diamond (3.9 eV)% and un-doped diamond ( 4.5 eV, with hydrogenated surface and
negative electron a nity) °1. Secondly, it is thought that having the aforementioned deep
donor level of electrons close to the vacuum level could increase the negative ion production
by creating a source of electrons close to the vacuum levEl. It is therefore of interest to
investigate the properties of nitrogen doped diamond as a material for enhancing the surface
production of negative ions.

1.3 Volume production of negative ions

In section 1.1, many examples were given of technological applications of hydrogen plasma.
The development of these applications require an understanding of both surface production
processes and volume production process&s’3102,

Away from the near-surface region in a hydrogen plasma, negative ions can be produced
within the bulk of the plasma by a process called volume productiort®1%3, The formation
of a negative ion in the plasma can occur when a hydrogen molecule dissociates during a
collision with an electron resulting in the formation of a neutral atom and a negative atomic
ion. This type of collision is referred to as dissociative electron attachment.

e + Ho(vib.=0-14) |' H + H (1.1)

where Hy(vib.) is a vibrationally excited hydrogen molecule.
As introduced in section 1.1, the hydrogen molecule has many ro-vibrational quantum
states®!. Of particular importance for negative ion formation in hydrogen is the vibrational
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states, as distinct from the rotational states. It has been observed that the higher the vibra-
tional energy of the hydrogen molecule, the lower the threshold energy an electron requires to
cause the dissociation of the hydrogen molecule. This also increases the collision cross section
of the hydrogen moleculé®. A lower threshold and larger collision cross section means that
the likelihood of the hydrogen molecule forming a negative ion after experiencing an electron
collision increases with increasing vibrational energy levels. Therefore, the production of
highly excited vibrational states is of signi cance when considering negative ion formation
within the bulk.

One of the main processes that leads to the excitation of a hydrogen molecule is through
collisions with energetic electrons®. There are two main processes through which an electron
collision can create a vibrationally excited molecule. The rst type of collision provides
energy to vibrate the hydrogen molecule directly. This is called an inelastic vibrational
excitation reaction, that is otherwise referred to as an eV reactiort%.

e + Hy ! Hao(vib.) + e (1.2)

The other type of electron collision proceeds in two steps, where the initial electron
collision electronically excites the hydrogen molecule, which then spontaneously relaxes into
a vibrationally excited state through the emission of a photon.

e + Hy ! e+HyB! f;Cct \)! Hyvib) + e+ h (1.3)

This process is called the electron impact resonant vibrational excitation process, or the
EV processi®. These vibrationally excited states are stable due to the lack of a permanent
dipole on the hydrogen molecule, and so can exist in the plasma for some tirm&

Once a vibrationally excited state exists, the vibrational energy can be shared between
the molecules through collisions. There are three types of collisions that can occert195:106;

" Vibrational-Vibrational (V-V) reactions, which describe the exchange of vibrational
energy between the molecules with little to no exchange of kinetic energy.

Vibrational-Translational (V-T) reactions, where the vibrational energy of the colliding
molecules is converted into translational (or kinetic) energy.

Vibrational-Translational reaction, except one of the colliding species is a neutral hy-
drogen atom. This last type of collision involves the neutral hydrogen atom either
giving or taking vibrational energy from a hydrogen molecule during a collision at the
expense of some translational energy. This has been referred to as an \atomic V-T
reaction” in this work.

Each of these reactions distribute the vibrational energy within the plasma between the
vibrationally excited states of the plasma!©®:106,
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1.3.1 Current challenges: spatial variations in inductively coupled plasmas

A type of plasma that is of particular interest is the inductively coupled plasma. This type

of plasma is typically formed by utilising a coil of wire either wrapped around the plasma
reactor (spiral geometry), or formed into a spiral placed against the side of the reactor (planar
geometry)®2. The induced current produced by the coil or antenna exists in close proximity
to where the coil or antenna is positioned. The majority of the power from the coil is
therefore deposited in a localised region within the plasma, which results in the formation
of spatial gradients in species densities and the temperature of the neutral gas, as shown in
gure 1.6.
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Figure 1.6: Schematic of a planar inductively coupled discharge with measurements of gas temperature
taken within the plasma volume. The gas temperature is observed to have a peak in the centre of
the discharge volume which decreases towards the edge of the plasma. Figure adapted from Ref. 107
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These gradients become more severe as the power density (and ion ux) is increased,
creating a trade-o between spatial plasma uniformity and process time-2,

Early work on hydrogen plasma modelling was mainly focused on building the under-
standing of the chemical kinetics2{>4108.109 |t was through this work that the importance of
the vibrational states and the interactions between them was established. This work mainly
focused on the properties of a spatially uniform plasma. In more recent work, e orts have
been made to increase the operational envelog@!'?, and link the features of these more
complete plasma chemistry sets to spatial distributions by coupling the output of the 0D
chemistry models into spatially dependent models for the electromagnetic eld!1{113,

In progressing towards the development of spatially resolved models of hydrogen plas-
mas, reductions in the plasma chemistry have often been required to reduce computational
expense. One example of this has been through the simpli cation of the vibrational kinetics.
Such an approximation has been useful for developing an understanding of complex techno-
logical plasmas such as the negative ion sources for fusibif{11°, negative ion sources for
particle accelerators'?%12%, development of microdischarge$??, and for surface processing®.

Where a more complete chemistry is incorporated, a reduction of the number of dimen-
sions has often been utilised. Early work utilised a 1D kinetic model to study electron
dynamics during collisions with ions and neutrals'?4125, This work has continued, with
the creation of a hybrid particle-in-cell (PIC) model 89126{131 "\which has subsequently been
experimentally benchmarked 32133,

Recently, the incorporation of a reaction set that includes vibrational interactions has
been carried out within a simpli ed 2D simulation framework using COMSOL, a multiphysics
simulation platform 134, However, an assumption that is made in this and other models is
that the neutral species in the plasma have a uniform gas temperatur€*13°, While valid
at low power densities, for increasing power densities which are typical for ICPs, as shown
in gure 1.6, spatial gradients in the neutral gas can be substantial. This changes ionisation
and chemical reaction rates. It is therefore of signi cant interest to develop our simulation
capability to include:

~ 2 dimensions

Self consistent and spatially resolved evaluation of the neutral-species temperatures

gas temperature dependent rates for the V-V and V-T reactions

enthalpy changes for each reaction.

This capability would enable the study of how the spatially dependent plasma parameters
impact the distribution of H , vibrational states, which in turn in uence the production and
distribution of negative ions*36:13,
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1.4 Thesis outline
The layout of the thesis is as follows:

" Chapter 2 investigates the surface production of negative ions from diamond. Neg-
ative ion yield measurements with a continuous surface bias of diamond samples are
undertaken. The results demonstrate that the introduction of nitrogen doping into the
diamond Ims can increase negative ion production from the diamond.

Chapter 3 extends the work of chapter 2, presenting results for negative ion yield from

nitrogen doped diamond using a pulsed sample bias to minimise the creation of surface
defects from positive-ion bombardment. The results suggest that the use of a pulsed
bias prevents defects forming on the surface. However, the negative ion yield is lower
than a continuous bias, which suggests the formation of defects plays a role in the
formation of negative ions.

Chapter 4 introduces a hydrogen plasma numerical simulation that has been developed
to study the role of spatially resolved gas heating on negative ion production in the

plasma bulk. The results of the simulations are compared to experimental measure-
ments, showing reasonably good qualitative and quantitative agreement.

Chapter 5 presents the results from the simulations within a planar inductively coupled
plasma reactor. The impact of self consistently determining the spatially resolved gas
temperature, as distinct from treating it as being isothermal, is investigated in relation
to negative ion production. The results show that the distribution of vibrational states

is impacted by the use of a spatially resolved gas temperature, which in turn changes
the distribution of negative ions.

" Chapter 6 summarises the ndings of the work and discusses next steps.
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Surface production of negative ions
using nitrogen doped diamond

The development of alternative materials to caesium is of interest in applications such as
ion beam sources, including those used for neutral beam heating. This chapter describes
how the addition of nitrogen doping to diamond changes negative ion production upon
application of a continuous negative bias. A low pressure and power helicon plasma source
(26 W and 2 Pa) operating in capacitive mode is used to generate a deuterium plasma.
Nitrogen doped diamond samples are immersed in the deuterium plasma and biased with a
dc-voltage. Negative ions produced at the surface are measured via mass spectrometry to
determine the negative ion yield. The application of a low-amplitude (-20 V) dc bias voltage
in combination with nitrogen doping - where relative dopant concentration is determined via
Raman spectroscopy - is found to increase the yield of negative ions relative to un-doped
diamond Ims.

2.1 Technique to measure surface production of negative ions

Negative ions produced through surface interactions within hydrogen plasmas are di cult
to measure because, following the plasma potential, they drift to the centre of the plasma
where they are neutralised through collisiond®>1. Laser photo-detachment can be utilised to
measure the negative ions within the bulk of the plasma, but this method does not distinguish
between negative ions produced through volume production processes or surface production
processe®’. To meet this challenge, a technique has been developed by the PIIM group in
Marseille that can measure negative ions produced by surfaces exclusively. This technique
utilises a negatively biased surface to accelerate positive ions from the plasma to the sample
surface for the production of negative ions. The same bias voltage acts to direct negative
ions produced at the surface through the sheath and plasma bulk to be measured by a mass
spectrometer®®, The experimental setup is shown in gure 3.1.

16
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Figure 2.1: Schematic of the experimental setup. (a) Representative plasma parameters and potential
pro le between the biased sample surface aVs and the mass spectrometer, 37 mm away. (b) Sample
holder with heating element and thermocouple. (c) Mass spectrometer showing the external grounded
shield and internal extractor ori ce.

2.1.1 Description of the plasma source

A deuterium plasma, gure 2.1 (a), is produced via a helicon source operated in capacitive
mode (2 Pa, 26 W), which then expands into a di usion chamber®8, The pressure of the
di usion chamber, as measured by a Baratron gauge (MKS), is regulated via a mass ow
controller (7.6 sccm, BROOKS 5850TR) in combination with a 150 mm diameter Riber gate
valve installed in front of a turbo molecular pump (Alcatel ATP400). To reduce experimental
drifts, the experiment source chamber and lower spherical diusion chamber have a base
pressure of 1P Pa, which is lower than the base pressure of a previous setup of ToPa'38,
The relatively low power coupled to the plasma source results in plasma densities of
approximately 10** m in the spherical di usion chamber'®. The choice of power and pres-
sure was for similarity with previous work®3. The positive ion composition of the deuterium
plasma is measured by the mass spectrometer, described below, to be (842) % D3* ions,
(14 2) % D,* ions and (1.1 0.2) % D* ions. The measurement uncertainty represents
the day-to-day variation of the measured plasma composition, however the actual error in the
plasma composition due to the internal settings of the mass spectrometer may be high&t.
As the dominant ion in the reactor is D3*, the momentum transfer collision of D;* with
neutral hydrogen is taken to be the dominant collision process. Taking the density of the
neutral gas to be approximately 4 10°°m3, the mean free path of the D;* ion-neutral col-
lisions is approximately 2.5 mm. The mean free path for the negative ion-neutral collisions
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has been calculated to be approximately 37 mrit14%, The negative ion mean free path is
the distance between the sample and the mass spectrometer, this means the loss of negative
ions in the gap between the mass spectrometer and the sample is minimised. The mean free
path of the positive ions is comparable to the width of the sheath in front of the sample.
This means that, on average, a positive ion should undergo no collisions when crossing the
sheath in front of the sample. As the pressure and the distance is the same for all of the
samples, collisions within the sheath that reduce the positive ion energy before colliding with
the sample surface, or the detachment of electrons from negative ions in the volume of the
plasma before reaching the mass spectrometer, is expected to be similar for all samples. This
means that negative ion yield and NIEDFs can be used to compare between samples.

The production of negative ions through a surface interaction requires a non-zero amount
of energy (i.e the work function or material ionisation energy) to be given to an incoming
particle in order to extract and capture an electron from the surface of the material. The
energy in the described experiment comes from the positive ions kinetic energy. Alterna-
tive production processes that may produce detectable negative ions in this experimental
setup include electron attachment of a molecule on the surface of a sample or a dissociative
attachment reaction occurring within the sheath in front of the sample'®. There cases are
considered to be unlikely as, in the rst case, a source of energy is necessary in order to
extract an electron from the material. In the latter case, a dissociative attachment reaction
requires an electron to collide with a hydrogen molecule. Within the sheath there are very
few electrons meaning this reaction process is unlikely to occur. It is therefore reasonable
to suggest that the main process of negative ion formation is through positive ion bombard-
ment of sample surfaces. Previous work has demonstrated through aa postori simulation
technique that the measured negative ion energy distribution matches extremely well with
experimental measurements without the inclusion of the previously explored process&s
This supports the theory that positive ion bombardment is the dominant process of negative
ion formation from carbon materials.

2.1.2 Temperature controlled sample holder

The sample holder is shown in gure 2.1 (b). It is attached to a dc-voltage source (Equip-
ment Scienti ¢ Alimentation de Laboratoire CN7C) that can negatively bias the frame that
holds the diamond sample. The voltage applied to the sample is de ned a¥ , which is
distinct from the voltage at the sample surface,Vs. The sample is positioned 37 mm away
from, and perpendicular to, the plane of the mass spectrometer ori ce. This is the closest
distance that the sample can be placed in front of the mass spectrometer ori ce, and is as-
sumed to be su ciently small to achieve minimal negative ion signal loss. It has previously
been demonstrated that this distance has negligible e ect on the shape of the negative ion
distributions measured by the mass spectrometef®82,



CHAPTER 2. 19

The angular dependence of the NIEDFs for carbon materials has previously been shown
to be similar828485  Therefore, a single measurement can be used to compare between
samples. A misalignment of the sample surface normal to the mass spectrometer would
produce spurious results, so to prevent this, the alignment is regularly checked by rotating
the sample and maximising the negative ion signal.

As shown in gure 2.1 (b), a tungsten heating element is built into the sample holder,
which is used to heat the back of the sample. The heating element is controlled by a
PID controller (designed and built by AXESS tech) using a K-type thermocouple inside the
frame of the sample holder. By xing a second thermocouple to the surface of the sample, its
temperature is calibrated against the temperature measured by the PID. The heating element
behind the sample increases the temperature of the sample's surface up to (750) C.

2.1.3 Mass spectrometry for the measurement of negative ions

The mass spectrometer used in this experiment is a HIDEN EQP which is a commercial
device that incorporates an electrostatic analysis technique and mass Iter. A low back-
ground gas pressure is required, which is attained by separating it from the main plasma
chamber by a small ori ce with a diameter of 100 um and di erentially pumping it with

a dedicated turbo molecular pump. A grounded screen is positioned above the mass spec-
trometer ori ce to reduce radio-frequency (RF) uctuations from the plasma source (not
shown in gure 2.1)8*138 The mass spectrometer is controlled using MACsoft software on
a dedicated PC.

The negative ions that enter the mass spectrometer are focused into an ion beam by
the internal electrostatic lenses. The internal electrostatic lenses of the mass spectrometer
are tuned for each speci ¢ sample surface biases and plasma condition in order to maximise
negative ion signal4'.

The mass spectrometer is composed of a grounded shield around a polariseable ori ce.
It was found in the simulations of the plasma using the ONIX code that an ori ce potential
of 0 V at 2 Pa is optimal for producing a planar sheath in front of the orice. A planar
sheath is necessary for the analysis of the negative ion energy distributions using previously
established technique$§>138,

Positive ions impacting the samples are assumed to dissociate during impatt+2, split-
ting the energy of the ion into its component particles (ie. for D3*, 3 deuterium nuclei). This
means that because the plasma is predominantly composed ofsD ions, the modal energy of
the ions striking the sample's surface i€y = e(Vs+V,)/3, where V,, is the plasma potential,
giving approximately 11 eV per particle at Vs = 20V and 48 eV atVs= 130 V. We de-
ne these conditions as \low energy" ion bombardment and \high energy" ion bombardment,
respectively.

The choice of 130 V is made to align with previously published work, whilst 20 V
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is chosen as this is the lower limit of what can be reasonably used to ensure e ective self-
extraction of negative ions from the sample surface into the mass spectrometé82,

2.14

Meas

Procedure for measurement of negative ion energy distribution functions (NIEDFs)

urements were undertaken using the following method.

" The plasma was brought to steady state as determined by measurements of the positive

ion energy distributions using the mass spectrometer.

" A bias of either VAo = 20V orVa = 130V was applied to the sample.

" Negative ions produced following positive ion bombardment accelerate throughVs,

cross the plasma volume and enter the mass spectrometer where the NIEDF was mea-
sured for sample temperatures between 3@ and 750 C in increments of 50 C.

" In order to compare the negative ion production yields for distinct material samples,

the positive ion current was measured to the sample surface at 3C for Vo = 20V
and Vo = 130 V, using a copper electrode in the place of a sample which was
insulated from the sample framé®?. This method of measurement could not be used at
high temperatures due to a temperature sensitive insulator used to isolate the copper
electrode from the sample holder frame. Instead, in order to roughly monitor changes
in the positive ion ux onto the sample, the positive ion current to the entire sample
holder was measured using an ammeter connected to the frame of the sample holder.
This showed that there was a thermal drift in the positive ion current to the entire
sample holder of approximately 5% irrespective of sample at both 20 V and 130V
applied biases.

The negative ion counts for each sample were integrated with respect to energy and then
divided by the positive ion current measured separately to give the relative negative
ion yield for the sample. The possible small changes with temperature to the isolated
sample were not taken into accounf?. This is given in arbitrary units as the mass
spectrometer is not calibrated to count an absolute number of negative ions.

2.1.5 Description of the negative ion energy distribution function

The mass spectrometer measures the energy distribution of the negative ions coming from
the sample surface. This can be used to infer the production processes that lead to their

formation on the samples.
There are two situations that can occur during a positive ion collision with the surface of
a sample that causes a negative ion to be formed. The rst is that the positive ion undergoes

a coll

ision or multiple collisions with the surface of the sample. The positive ion is converted
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to a negative ion whilst it still possess some kinetic energy and so leaves the surface with a
non-zero kinetic energy. The other case is that the positive ion loses all of its energy in a
collision with the surface of a sample and a negative ion is produced at rest on the surface
(i,e. Ex = 0 eV). In the latter case, the negative ion will be accelerated from the surface
with an energy equal to the plasma potential (V) plus the negative bias at the surface of
the sampleVs.

If is now assumed that the negative ion crosses the plasma with no loss of kinetic energy,
which is equivalent to the electron charge multiplied by the plasma potential plus the surface
bias of the sampleEx = e(Vp + Vs), and is at an angle that allows it to enter the mass
spectrometer, the negative ion must lose energy equivalent to the plasma potential in front
of the mass spectrometer, ¥,. Therefore negative ions formed at rest on a sample surface,
Ex = 0 eV, will be measured with energy equivalent to the bias applied to the sample
surfacegVs.

In some cases a positive ion collision will produce negative ions with a non-zero initial
energy (i.e. Ex > 0). This means that when measured by the mass spectrometer they have an
energy ofEx + e(Vp + Vs). The resulting negative ion energy distribution function (NIEDF)
can then be used to infer the negative ion production processes on the sample surface.

The relatively low pressure of the plasma means there are few collisions between negative
ions and neutrals'®®13% Any collisions that do occur would predominantly be detachment
collisions with deuterium molecules, which would neutralise the negative ions, thus pre-
venting measurement of negative ions that have undergone collisiod813813°, The plasma
potential in front of the mass spectrometer prevents negative ions generated through vol-
ume production processes from entering, therefore the energy of any negative ions that are
measured must have been accelerated away from the sample surfag&!=°,

Once a measurement of the negative ions from a sample surface has been completed, the
measured NIEDF is put into terms of Eg, the kinetic energy of the negative ion when it
was formed. This is possible because the total negative ion energy upon entering the mass
spectrometer, E, is a conserved quantity:138

E=Ex eV (2.1)

The NIEDFs presented in this work have had the applied voltage,V », added to the measured
negative ion energy distribution to show the kinetic energy the negative ions possessed on
formation.

The applied voltage, Va, is used instead of the surface voltageY s, because the surface
voltage can be in uenced by the conductivity of the sample and no direct measurement of
the surface voltage is possible.

The typical distribution of negative ions from carbon surfaces measured using the tech-
nique described above features a peak in the number of negative ions formed almost at rest,
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with a tail that extends to higher energies. This can be observed in an example NIEDF in
gure 2.2.

Figure 2.2: Example NIEDF from a micro-crystalline diamond (MCD) sample with a sample bias of
-130 V, at a sample temperature of 500K and plasma power of 26 W.

From previous studies, negative ion energy distributions have been compared to simu-
lations that account for the trajectories of negative ions between the sample surface and
mass spectromete?*. This means that an understanding of the processes that lead to the
observed negative ion energy distribution function can be used to determine the production
processes.

2.2 Determining the negative ion yield

The negative ion yield is used as a means to compare the production of negative ions between
samples, applied voltages and biasing techniques. This is de ned as:

1 z

=7 Np-(E) dE (2.2)
where Ny- is the number of negative ion counts detected by the mass spectrometer, which
are integrated with respect to incident ion energy, E. | is the positive ion current to the
sample. As only a proportion of the negative ions that are produced by the sample surface
are collected by the mass spectrometer, the negative ion yield is a relative measurement that
can be used to compare between samples. Previous work has demonstrated that there is
little di erence in the angular distribution of negative ions between carbon samples under
similar conditions 84138, This means that it is possible to compare relative negative ion yield
from carbon materials using a xed sample angle, though negative yield comparisons to other
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types of materials at this same angle cannot be carried out.

2.2.1 Measuring the positive ion current

To measure the positive ion current, an electrically isolated copper electrode was inserted
into the sample holder in the place of a sample. This electrode was isolated from the rest of
the sample holder through the use of Kapton tape. The molybdenum bracket, used to a x
samples to the sample holder, acted as a guard ring on the electrode to reduce edge e ects
interfering with the measurement of the positive ion current. The electrode and sample
holder were electrically connected in parallel to reduce di erences in sheath expansion from
a ecting the positive ion current measurement.

2.3 Sample preparation

2.3.1 Micro-crystalline boron doped diamond and micro-crystalline diamond

MCD and MCBDD samples were prepared for the study by a collaborator, Laboratoire des
Sciences des Proedes (LSPM). The samples were prepared in a bell jar reactor using plasma
enhanced chemical vapour deposition (PECVD), as described in Ref. 143. The boron doped
samples used in this study are comparable to the samples used in previous works where the
gas phase doping level used is high (1000 ppm) to ensure a fully conductive diamond layér

2.3.2  Micro-crystalline nitrogen doped diamond

The nitrogen doped diamond Ims were similarly prepared by the LSPM group using a
similar PECVD technique to the MCD and MCBDD. The PECVD process utilised a bell
jar reactor with a pressure of 200 mbar, microwave power at 3 kW, substrate temperature
of 850 C, background hydrogen gas mixture with a methane concentration of 5%. The ratio
of nitrogen in the gas mixture was set as a means to vary the concentration of nitrogen in
the MCNDD Im. Each Im was deposited on to a (100) orientated silicon wafer.

2.4 Characterisation of the diamond samples

A laser confocal microscope (S neox, Sensofar) was used to observe the diamond surface
morphology as shown in gure 2.3.
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Figure 2.3: Confocal microscopy images of the diamond Ims grown with gas phase concentrations of
(&) 0 ppm (b) 10 ppm (c) 50 ppm and (d) 200 ppm. The diamond crystals change in shape and size
between the 4 gas phase dopant concentrations, from a mixture of (111) and (100) faces at 0 ppm
and 10 ppm to predominantly (111) faces at 50 ppm, and then to predominantly (100) crystal faces
at 200 ppm.

From visual inspection, the crystal grains are observed to have grown to exhibit (111)
crystal faces, (100) crystal faces, or a mixture of both, dependent on the concentration of
nitrogen dopant introduced in the gas phase during sample growtf**. As the gas phase ni-
trogen concentration is increased from 0 ppm to 50 ppm the crystals are observed to exhibit
an increased proportion of (111) faces, with predominantly (111) faces observed at 50 ppm.
As distinct from these, the crystal grains of the diamond Im with 200 ppm gas phase dop-
ing displays predominantly (100) faces. The diamond Ims grown with 200 ppm nitrogen
concentration in the gas phase are di erent to the other samples, due to large crystals in-
terspersed with regions of what appear to be much smaller crystals with a less pronounced
crystal orientation. The size of the crystals for the 0 ppm sample, gure 2.3 (a), are ap-
proximately 10 um, whilst the 10 ppm sample, gure 2.3 (b), has a much smaller average
crystal size, at approximately 1um. The 50 ppm sample, gure 2.3 (c), has a crystal size
similar to the 0 ppm sample, at approximately 10um. The 200 ppm sample, gure 2.3 (d),
as previously described, appears to have a distribution of large crystals separated by smaller
crystals, here the average crystal size of the larger crystals is approximately j&m.

A brief optical microscopic inspection of the samples prior to taking Raman measure-
ments showed relatively uniform crystal distribution across the surface of all the samples and
allowed for precise targeting of a dominant crystal near to the centre of the sample to be
the subject of the Raman measurement. A quantitative comparison between Raman spectra
has not been carried out as this requires the measurement of the polarisation of the Raman
emission and a good understanding of the grain orientatiof*®.

Figure 2.4 shows the Raman spectra from samples of nitrogen doped diamond with gas
phase nitrogen doping of O ppm to 200 ppm.
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Figure 2.4: Raman spectra of nitrogen doped diamond samples taken at the centre of a dominant
crystal face. The spectra are presented with the background subtracted (in order to aid clarity and
comparison between samples) and normalised to the carbon sp3 peak, observed here at 1333'cm
The laser wavelength used for the measurements is 514 nm.

The spectra in gure 2.4 have been presented with the background uorescence removed
and normalised to the 1333 cm' peak, which can be attributed to sp3 bonded carbon (the
diamond bond of carbon)®®46, The normalisation to this peak is justi ed due to the trans-
parency of the diamond Ims such that the measurement is integrated across the sample
thickness. The normalised spectra can therefore enable a comparison between samples that
accounts for any change in the thickness of the MCNDD Im14.

The broad peak centred at 2100 crit observed in gure 2.4 can be attributed to nitrogen
vacancy centres (N\?) that have been introduced into the diamond*4’. This broad peak
appears, not due to vibrational modes, but due to the electronic signature attributed to
nitrogen vacancy centres and in reality lies at an energy level of 2.15 eV. As Stokes Raman
spectroscopy is energy loss spectroscopy, this peak appears arbitrarily at 2100 dnwhen
using a 514 nm laser. Using another laser to perform the Raman spectroscopy results in a
change in the wavenumber of this peak*®.

As the measurement con guration is the same for all samples, a relative comparison of
the number of nitrogen centres in the diamond can be made using the broad 2100 chpeak.
This can then be used to infer relative nitrogen concentration*®. As shown in gure 2.4, the
ratio of the NV © peak to the peak centred at 1333 crit increases with increasing gas phase
dopant concentration, for samples 0 ppm to 50 ppm (200 ppm will be discussed below). This
is consistent with previous work, which showed a similar increase in the magnitude of the
NV O characteristic peak with an increase in the gas phase nitrogen doping®.

In gure 2.4, the Raman spectrum of the 200 ppm nitrogen doped diamond has a peak at
1500 cm? that has a much higher intensity than the other samples. This peak is of particular
interest as it is associated with the sp2 bond of carbon that has previously been associated
to graphite-like bonds'*6. The ratio of the peaks at 1333 cm! and 1500 cm® implies that
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there is a higher ratio of graphite in the 200 ppm diamond Im compared to the other
samples’®151.152 The 200 ppm nitrogen doped diamond sample also exhibits a N¥ centre
peak at 2100 cmt, which is slightly lower than the 50 ppm sample, suggesting a reduction in
the number of nitrogen vacancies, and therefore, a reduction in the concentration of nitrogen
in the diamond.

The observed increase in intensity of the N\? peaks, increasing from 0 ppm to 50 ppm,
may be attributed to both the increase in nitrogen introduced in the gas phase and by a
change in the crystal face from a mix of (100) and (111), gure 2.3 (a) and (b), to a pri-
marily (111) face for which impurity incorporation is higher than that for (100) crystals,
gure 2.3 (c). This is consistent with the results of previous work!°0:153.154" This same pro-
cess may then account for the slightly lower 2100 cm peak for the 200 ppm sample compared
to the 50 ppm samples despite a fourfold increase in the nitrogen gas phase content. This de-
crease could be attributed to the change in the crystal orientation (see gure 2.3 (c) and (d)),
from a (111) dominant crystal surface for the 50 ppm sample to predominantly (100) crystal
orientation for the 200 ppm sample.

The surface characterisation of the samples show that the incorporation of nitrogen into
the PECVD process has multiple e ects on the diamond produced, aside from only substi-
tutional or interstitial incorporation of nitrogen into the diamond lattice. For these samples,
separating the di erence in negative ion yield due to the in uence of the crystal face or
the nitrogen content in the diamond is not possible because of the interrelated nature the
presence of nitrogen in the gas phase has with the crystal face orientation and the measur-
able number of nitrogen vacancy centres. This is an active area of researtt?. However for
this study, as nitrogen doping is the main in uencing factor that generates the di erences
between the samples, it is reasonable to suggest that it is possible to associate the nitrogen
gas phase doping with the negative ion yield and this is how the samples will be de ned in
the next section.

2.5 Comparing negative ion yield with increasing concentra-
tion of nitrogen doping

Figure 2.5 presents the negative ion yield from MCNDD for di erent dopant concentrations,
as measured in the gas phase during sample preparation.
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Figure 2.5: Negative ion yield plotted with respect to sample temperature for micro-crystalline ni-

trogen doped diamond (MCNDD) of doping concentration between 0 ppm and 200 ppm for (a)
Va = 130V and (b) Vo = 20 V. Low pressure deuterium plasma operated at 2 Pa and 26 W.
Insets for both (a) and (b) depict the highlighted regions' negative ion yield for temperatures between
400 C and 750 C. Solid lines have been added to guide the eye.

In both gures 2.5 (a) and (b) the yield pro le for MCNDD has a distinct shape. For
example, at 50 ppm, the measured yield is practically zero between a temperature of 3G and
400 C. At 450 C, the yield rapidly increases by several orders of magnitude to a maximum at
550 C. This transition is similar for all nitrogen doped samples with the transition occurring
at temperatures ranging from 250 C to 450 C. This is somewhat unlike MCD which produces
measurable negative ions for all temperatures. The trend for MCD is a gradual increase to a
maximum yield at a temperature of 450 C ( 130 V, \high energy" bombardment) or 400 C
( 20V, low energy bombardment), there is then a decrease in yield from this maximum
yield as the temperature is increased further to the maximum temperature of 750C. It can
also be observed that between 30 C and 150 C, MCD does undergo a transition, though
this is smaller than that seen for MCNDD.

It is important to note that the negative ion yield measured using the described technique
relies on a conductive sample surface. A non-conductive sample does not allow negative ions
to be accelerated to the mass spectrometer at an energy which the mass spectrometer is
tuned for. The magnitude of the transitions seen in gure 2.5 is a feature of this experi-
mental technique which inadvertently highlights the temperature at which samples become
conductive, such that Va = Vs.

The di erence in trends between MCNDD samples and the un-doped diamond can be
attributed to the di erences in conductivity between MCNDD and MCD. Previous work with
MCD has shown that it has poor conductivity close to room temperature, which explains the
increase in yield occurring between 30C and 150 C%3. Regarding MCNDD, the temperature
at which the sharp increase in yield occurs appears to be dependent on the nitrogen doping
of the diamond sample. The results of previous work suggest that the level of interstitial
nitrogen doping in uences the conductivity of diamond 98156157 and this sharp increase is
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consistent with increasing nitrogen dopant concentration and its in uence on the conductivity
of the diamond, supporting the argument that the nitrogen incorporated into the diamond
increases as gas phase nitrogen is increased during its production. The low conductivity of
MCNDD is associated with a distortion of the carbon lattice that produces a deep donor
level. The nitrogen dopant forms a lone-pair on the nitrogen atom and a dangling bond
with one of the carbon atoms of the lattice surrounding it. This means that it has a low
conductivity at room temperature 58,

An exception to this trend is the results for 200 ppm in both gure 2.5 (a) and (b).
These results do not exhibit a signi cant increase in the sample temperature at which the
Im becomes conductive relative to the 50 ppm MCNDD sample. This can be explained by
considering gure 2.4. The nitrogen content measured using Raman spectroscopy suggests a
nitrogen content that is similar for 200 ppm and 50 ppm MCNDD samples meaning, in the
absence of other in uences, a similar conductivity for these two samples could reasonably be
expected.

The maximum yield from each sample occurs at temperatures between 40Q and 550 C,
which is highlighted in the insets of gures 2.5 (a) and (b). For the O ppm and 10 ppm
samples, the maximum yield occurs at 400C, whilst for 20 ppm (and 200 ppm) it occurs
at 500 C and for 50 ppm, at 550 C. As mentioned previously, a conductive sample surface
is necessary to hold a DC surface bias which is necessary for the acceleration of negative
ions into the mass spectrometer. The trend of increasing temperature for maximum yield
as dopant increases (excluding 200 ppm) could be related to the maximum vyield in these
experimental conditions being restricted by the conductivity of the samples. For example,
the maximum yield for MCD and MCNDD (10 ppm) is at the peak of a gradual increase and
decrease in yield as temperature is increased from30 C to 400 C and then from 400 C
to 750 C respectively. This is most clearly observed in gure 2.5 (b) for the 10 ppm sample.
This sample is distinct from the other MCNDD samples as the 10 ppm sample exhibits an
increase in yield as the temperature is increased (due to a change in conductivity) then a
further smaller increase up to a maximum negative ion yield at 400 C. The yield then
gradually decreases as the temperature is increased further. The other MCNDD samples
also undergo an increase in yield due to a change in conductivity, but no further gradual
increase in yield is observed as temperature is increased.

It could therefore be reasonable to suggest that the peak yield conditions are not observed
due to a lack of conductivity for samples with more than 20 ppm gas phase nitrogen doping.
The trends observed for the 0 ppm and 10 ppm samples suggest that a temperature of
approximately 400 C may be the temperature at which these MCNDD with more than
20 ppm gas phase doping produce the highest yield. A technique to measure negative ions
that does not require a conductive surface would be necessary to explore this further.

In gure 2.5 (a), the e ect of the nitrogen doping on the maximum yield is not readily
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observed when a bias voltage/a = 130 V is applied to the sample. This is unlike g-
ure 2.5 (b) in which a bias voltage ofVao = 20V is used. In this data there is an observed
di erence between the nitrogen doped and non-doped diamond. The yield in gure 2.5 (a)
for the MCNDD samples and MCD samples is also lower than the yields from all of the sam-
plesin gure 2.5 (b). A higher bombardment energy as a result of the high magnitude bias is
associated with an increase in sp2 bond formation in diamongf. It is reasonable to suggest
that the reduction in yield for the higher magnitude bias creates more sp2 defects which
decreases the yield. Additionally, if the yield is not changing with the addition of nitrogen
to the diamond, it is also reasonable to suggest that the nitrogen doped diamond may be
more susceptible to defect formation due to high energy bombardment which would result
in a surface state that does not enhance the negative ion yield through nitrogen doping.
The apparent in uence of nitrogen doping on the measured negative ion yield is observed
in gure 2.5 (b) where a sample bias voltageVa = 20 V is applied. When comparing the
yield at temperatures above 550C, i.e. when all of the MCNDD Ims are conductive, it
is observed that the negative ion yield is higher at similar temperatures, when increasing
nitrogen dopant concentration for the 0 ppm to 50 ppm cases. The mechanism for such an
increase in yield is not immediately clear and future work will be necessary to identify the
speci ¢ cause of this increase. For example, it could be solely due to interstitial nitrogen,
or a change of crystal orientation or a combination of both. In any case, the increase
is correlated to the amount of nitrogen dopant with the exception of the result observed
for 200 ppm gas phase doping, which produces a comparatively lower yield compared to the
50 ppm case. Should interstitial nitrogen content be the main cause of an increase in negative
ion yield, this result can be explained by the Raman measurements shown in gure 2.4. The
Raman measurement suggests that the diamond has a similar amount of nitrogen doping
when comparing the 2100 crit peak for the 50 ppm and 200 ppm samples. However the
Raman measurement also suggests that the 200 ppm MCNDD sample has more carbon sp2
bonds (graphite-like) than the 50 ppm sample. The reduction in yield observed for the
MCNDD (200 ppm) sample compared to MCNDD (50 ppm) sample is therefore consistent
with previous work, which observed that an increased number of sp2 bonds is less favourable
to negative ion production’®82, This work suggests that this is still the case with nitrogen
doped diamond samples.

2.6 NIEDF comparison between MCD, MCBDD and MC-
NDD
NIEDFs for MCBDD and MCNDD are presented in gure 2.6 to compare negative ion

production processes between MCBDD, a previously studied materi&f, and the MCNDD
samples. In this gure the NIEDFs are normalised to the modal negative ion energy at
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temperatures where MCBDD and MCNDD samples are conductive.

Figure 2.6: NIEDFs for: (a) micro-crystalline boron doped diamond (MCBDD) at 30 C, 500 C and
750 C, (b) micro-crystalline nitrogen doped diamond (MCNDD) at 550 C and 750 C. Increases in
sample temperature lead to a decrease in the number of low energy negative ions, which results in
an increase in the height of the tail of high energy negative ions when the distribution is normalised.
Low pressure deuterium plasma operated at 2 Pa and 26 W.

The distribution of negative ions in the NIEDFs have previously been shown to be use-
ful for determining the negative ion production mechanisms involved when using carbon
samples®®, There are two production processes that are considered to be responsible for
negative ion formation from carbon: backscattering and sputtering. Backscattering produces
negative ions when an incoming positive ion is re ected o the deuterated carbon lattice of
the samples. During such a collision, the positive ion captures two electrons to produce a
negative ion’8. As distinct from this, sputtering relies on the ejection of adsorbed deuterium
from the carbon lattice. During this ejection it takes an extra electron from the surface
producing a negative ion’®.

When considering a normalised NIEDF, a reduction in the proportional magnitude of the
NIEDF peak at low energies will result in an increase in the apparent proportion of negative
ions at high energies. The NIEDFs in gure 2.6 (a), show that for MCBDD the proportion
of high energy ions increases as the surface temperature increases. This is because the main
contribution to the measured yield is low energy ions, which are predominantly created
through the sputtering process, as distinct from backscattering, due to the acceptance angle
of the mass spectromete?®1%8, Previous work has con rmed this interpretation through
comparison of experimental results with SRIM simulations®.

At a surface bias of Vg = 20V, i.e. the \low energy" bombardment condition described
in section 2.1.3, the high energy tail observed in the NIEDFs in gure 2.6 is not produced.
Without a high energy tail, the normalised NIEDF shapes are not strongly dependent on
the deuterium surface contenf?, and comparison of the ratio of sputtered to backscattered
particles cannot be readily inferred using this approach. For this reason, only results with a
surface bias ofVs = 130 V are presented.
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Comparing gure 2.6 (a) to gure 2.6 (b), which presents NIEDFs for MCNDD at 550 C
and 750 C, i.e. temperatures at which the sample is conductive, it is observed that MCNDD
displays a similar increase in the proportion of high energy negative ions as the sample's sur-
face temperature increases. This implies that MCNDD has similar negative ion production
properties to MCBDD.

The trends for MCNDD and MCD observed in gure 2.5 and discussed in the previous
section can be explored in the context of gure 2.6. Figure 2.5 shows that the yield for
MCD increases up to sample temperatures of 400 C and decreases as its temperature is
increased further. This is similar to the trends observed for samples of MCNDD when they
are conductive. The increase and then decrease in yield as temperature is increased, from

30 C to 400C and then from 400C to 750 C respectively, can be attributed to
two processes that combine to generate the observed trend in gure 2.5. The rst process
is the removal of defects on the sample surface. The heating of the sample results in an
enhancement of the etching of sp2 bonds created by the bombarding positive ions resulting in
a surface which results in a higher ratio of sp3 bond®. The increased proportion of diamond
bonds on the surface increases the negative ion yield, as explored in previous work through
Raman spectroscopy® /68182, The second process is the previously discussed decrease in the
sputtering contribution to the negative ion yield due to out-gassing of deuterium from the
sample surface, as observed in the measurements of gure 2.6. As temperature is increased,
the in uence of each of these processes on the measured negative ion yield is observed to vary
signi cantly. At temperatures below 400 C, the reduction in defects increases the yield,
whilst the outgassing does not cause a signi cant decrease in the sputtering contribution.
At temperatures above 400 C, the decrease in sputtering contribution reduces the yield by
a greater extent than the reduction in defects caused by the elevated temperature, causing
a reduction in the measured negative ion yield®.

For the samples of nitrogen doped diamond with more than 20 ppm nitrogen added in
the gas phase, the MCNDD Im is not conductive at temperatures where the previously
mentioned reduction in the defects can increase yield, i.e. between 30 and 400 C. A more
thorough exploration of the resulting interplay between the reduction of defects and the de-
creasing sputtering contribution is beyond the scope of this work. However, gure 2.6 (b) sug-
gests that the decrease in yield due to a decrease in the sputtering contribution is consistent
with current understanding of the behaviour of negative ion formation on micro-crystalline
doped diamond.
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2.7 Comparing negative ion yield between di erent types of
diamond doping

The negative ion yield with respect to sample surface temperature of the MCD, MCBDD and
MCNDD samples is shown in gure 2.7, with high energy ion bombardment ¥ = 130V)
shown in gure 2.7 (a) and low energy bombardment Yo = 20 V) shown in gure 2.7 (b).
50 ppm MCNDD is chosen as a comparison to MCD and MCBDD as this produced the
highest relative negative ion yield of all the nitrogen doped diamond samples, as shown in
gure 2.5.

Figure 2.7: Negative ion yield with respect to Im surface temperature for micro-crystalline diamond
(MCD), micro-crystalline boron doped diamond (MCBDD) and micro-crystalline nitrogen doped

diamond (MCNDD) for (a) Va = 130 V and (b) Vo = 20 V. Low pressure deuterium plasma
operated at 2 Pa and 26 W. Solid lines have been added to guide the eye.

In gure 2.7 (@), Va = 130V, the trends for MCD and MCBDD are similar, with
an increase in yield by a factor of 6 from 150C to 450 C observed for MCD and a factor
of 2 observed for MCBDD from 150C to 550 C. The yield then decreases gradually as
temperature is increased further. These results are consistent with previous work using
MCD and MCBDD 3. The negative ion yield from MCNDD at sample temperatures below
400 C is e ectively zero. After 400 C there is a rapid increase in yield by several orders of
maghnitude up to 550 C, as discussed in section 2.4. After 55@, the trend agrees with MCD
and MCBDD. In the high energy bombardment regime, the yield from MCNDD is found
to be lower than MCBDD and comparable to MCD. This suggests that the higher positive
ion bombardment energy is having a larger in uence on MCNDD than MCBDD, though a
mechanism for such a di erence is beyond the scope of this study.

In gure 2.7 (b) for Vo = 20V, the trends for MCD and MCBDD are also observed to
be qualitatively similar, showing an increase in yield by a factor of 2 and a factor 1.5 from
150 C to 400 C respectively, and a gradual decrease in yield above 400, which has been
discussed in section 2.28382 Figure 2.7 (b) has a similar trend as gure 2.7 (a) where the
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