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Abstract

This thesis presents the investigation of potential shallow n-type
donors that are candidates to be used as thermionic emitters for converting
solar energy to electrical energy. Due to the various problems associated
with current n-type dopants in diamond, the work has examined the use of
Li-N codoping as a possible alternative doping strategy in chemical vapour
deposition (CVD) of polycrystalline diamond films.

Lithium nitride (Li3;N) suspension in 1% w/v polyoxy in chloroform and
N2 or NH; gas were used as Li and N precursors, respectively, in preparing
Li-N co-doped diamond films using a hot-filament CVD system. Using this
system, high dopant concentrations of Li (-5x10" cm?) and N (~3x10% cm’
3) atoms were successfully incorporated into the diamond films. The
addition of Li atoms into N-doped diamond films improved the resistance of
the diamond film from >200 MQ to <50 MQ. A resistance as low as 85 kQ) was
recorded for Li-N co-doped diamond grown on a SCD type Ib substrate,
however, these values and the overall electrical characteristics of the films
were not sufficient for electronic devices.

Ab initio calculations predicted that a LiN cluster with a Li:N ratio of
1:4 should produce shallow donor characteristics with an energy level ~0.1
eV below the diamond conduction band minimum . The model only favours
the formation of Li in substitutional sites rather than in interstitial sites
due to its lower formation energy (4.88 eV and >10 eV, respectively). This
model also suggests that N atoms might act as traps to pin down Li atoms
and reduced their mobility in diamond lattice.

The thermionic emission characteristics of Li-N co-doped diamond
films were tested in Arizona State University, Arizona, USA. The films
exhibited 121 pA cm? current density at 900 K with a threshold
temperature at 800 K. The effective work function of the emitters varied
from 2.87 eV to 3.62 eV. The presence of a negative electron affinity (NEA)
surface is found to be crucial for increasing the electron emission from
diamond.

H terminated diamond exhibits NEA and is usually prepared by
exposing the diamond films in hydrogen plasma. However, desorption of H
atoms between 925-1050K limits the application for these films for
thermionic-based solar panels at higher temperature. Thus, various metal-
oxygen-terminated diamond surfaces were examined to determine their
thermionic electron yield and stability at high temperatures. Cr-O, Al-O
and Ti-O terminated diamond surfaces exhibit NEA characteristics and were
thermally stable at 650°C. However, only Cr-O terminated diamond showed
true NEA characteristics while Al-O and Ti-O terminated diamond showed
effective NEA.
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Chapter 1:Introduction

1.1 Diamond

Diamond has been renowned as one of the most remarkable
materials of the past few decades, with applications ranging from sparkling
gemstones to high-end mechanical and electrical devices [1-5]. It is the
hardest known material, has the highest thermal conductivity at room
temperature and it is inert to most chemical reagents [1,6]. With these
properties, diamonds are employed for cutting, drilling, milling, grinding
and polishing materials in mechanical applications [4,5]. After the
development of diamond thin films, the applications were extended to
electronic devices such as biosensors, surface acoustic wave filters (SAW),
micro-electro-mechanical systems (MEMS), light emitting diodes (LEDs) and
detectors [7-13]. The recent discovery of the bio-compatibility of diamond
also enabled diamond to enter the biomedicine and biochemistry fields, to
be used as a bio-tracker, a drug delivery agent, and as a substrate for cell

growth [14-18]. Table 1.1 summarises some of the properties of diamond.

Table 1.1: Properties of diamond

Diamond Properties

Hardness 90 GPa
Thermal conductivity 2x10° W m™' K™
Thermal expansion coefficient (25°C) 1.1x10° K
Band gap 5.45 eV
Carrier mobility (Electron & Hole) 3800 cm?*V's™
Density 3.515g cm’
Refractive index 2.42

Breakdown voltage 100x10° V cm’™




Diamond is believed to have been discovered around 6,000 years ago
in India [19]. Despite its apparent stability towards mechanical and
chemical abrasion, diamond is actually a meta-stable form of carbon and
less thermodynamically stable compared to graphite. Figure 1.1 shows
three common allotropes of carbon: diamond, graphite and carbon
nanotubes (CNTs), although various others exist, including graphene,
fullerenes, carbon onions, and a multitude of different types of amorphous
carbon (which can also be known as diamond-like carbon (DLC) depending

on its structure).

Diamond has entirely sp® hybridised carbon bonded together in a
tetrahedral structure and forming a three-dimensional crystal lattice. In
contrast, graphite and CNTs have sp? hybridised carbon which are linked
together into a hexagonal structure that forms sheets or layers. A single
isolated layer is called graphene, and this material has received a lot of
interest recently due to its remarkable electronic properties [20-22]. In
graphite, weak van der Waals interactions bond many graphene sheets
together, but these can slide easily over each other making graphite soft
and useful as a lubricant. CNTs are composed of a graphene sheet that is
rolled up to form a tube structure. Rolling up one graphene sheet produces
single-walled carbon nanotubes (SWCNTs), whilst rolling up several sheets
makes multi-walled carbon nanotubes (MWCNTs) [23,24]. The CNTs can
have metallic or semiconducting properties depending upon the orientation

in which graphene sheets are rolled up.



(a) (b) (c)

Figure 1.1: Common carbon allotropes; (a) graphite, (b) diamond and (c) carbon nanotubes

In order to produce diamond rather than graphite, more
thermodynamically favourable conditions are required. Because these two
materials are separated by a large activation energy barrier (~700 kJ mol’
"), the spontaneous interconversion of diamond and graphite at room
temperature (25°C) and pressure (760 torr) is impossible. The first method
reported to produce synthetic diamonds was using high temperature and
high pressure (HPHT) technique [4,5], which mimics the way natural
diamond is created in Earth’s crust. In HPHT, carbon in the form of
graphite powder is placed into a large hydraulic press along with a small
amount of a metal catalyst, and then subjected to high pressure (-5 GPa)
and temperatures about 1300-3000°C [5]. After a few hours or days, single-
crystal diamonds of size ~1 mm crystallise out. However, their purity and
colour are not good enough for use as gemstones, so these ‘industrial
diamonds’ are used in cutting and drilling applications - an industry which

today is worth many millions of dollars.

In the late 1950’s a breakthrough was made in synthesising diamond
using a chemical vapour deposition (CVD) technique. With the advancement
of diamond growth using CVD technique, researchers all over the world now
had access to diamond in the form of thin films or coatings, and this
allowed many of the unique properties of diamond to be utilised for the

first time in novel scientific and engineering applications.



1.2 Types of diamond

1.2.1 Single-crystal diamond

Both natural diamonds and those produced by the HPHT process
contain non-carbon impurities that have been trapped in the crystal during
growth. Natural diamond often contain metals or minerals, along with
elements such as hydrogen, nitrogen or boron which can create colour
centres, turning the diamond from colourless into so-called ‘fancy’
diamonds, which appear yellow, red or blue. For example, the famous
‘Hope diamond’ in the Smithsonian museum in Washington DC is deep blue

due to its high boron content.

The main impurity in HPHT diamond is nitrogen, which causes the
crystals to appear yellow or brown. Both natural and HPHT diamond are
classified depending upon the amount of N and B they contain [25]. Type |
diamond contains N atoms, but this is then further divided into type la and
type Ib. Type la diamond contains impurities of N atoms in aggregates while
type Ib diamond consists of only single substitutional N atoms. Type Il
diamond contains less than 1 ppm of N atoms. This class is then divided
further into two types: type lla and type llIb. Type lla diamonds do not
contain any B atoms impurities while type llb does contain B atoms,

although the level of B is low and rarely exceeds 1 ppm.

1.2.2 Detonation nanodiamond

Detonation nanodiamond (DND) is the name given to diamond
particles prepared from a detonation process in which a high explosive,
such as TNT, is detonated inside an evacuated steel tank [26]. The
shockwave produced travels through the carbon-rich explosive with such
velocity and pressure that the carbon is converted to diamond particles
sizes between 5 to 20 nm. However, the diamond cores are always covered
with layers of graphitic material. These will aggregate to form larger

4



carbon clusters with size up to micrometer. Various methods have been
suggested to remove the graphitic outer layers and disaggregate the
clusters in order to prepare monodispersed diamond nanoparticles,
including partial oxidation in air or hydrogen, filtration, ultracentrifugation
and ultrasonic dispersion [27-29]. DND is often used as seeding material

prior to diamond growth in a CVD system.

1.2.3 Chemical Vapour Deposition (CVD) diamond

Most diamond grown for electronic applications, coating materials and
jewelleries are nowadays prepared using a CVD technique. The versatility
of this process enables the researchers to control the properties of the
diamond produced. Nowadays, CVD diamond can be categorized into four
different types, depending on the grain size of the diamond: single crystal
diamond (SCD), microcrystalline diamond (MCD), nanocrystalline diamond
(NCD) and ultra-nanocrystalline diamond (UNCD) [30-33]. SCD is typically
grown from a single seed crystal, and is focused more on the jewellery
industry due to its higher production cost [34,35]. Most seeds are carefully
selected (100) orientation HPHT or natural diamonds. Homoepitaxial
growth using this type of seed leads to less surface defects, so long as the
growth parameter are very carefully controlled over the growth period,
which may be several days or even weeks. [30]. Gemstones several mm in
size have been prepared by this method, and these are now becoming
commercially available via companies such as SCIO diamond and Gemesis
[36,37]. For scientific applications, it is currently possible to buy flat,
polished SCD substrates of size ~8 mm x 8 mm x 0.5 mm from Element Six
[38] and in the next few years these dimensions are expected to increase.
However, we are still several years away from the wafer-scale SCD

substrates required for diamond to compete with Si or SiC.

Other types of diamond (MCD, NCD and UNCD) are grown
heteroepitaxially using a non-diamond substrate that must be seeded or

mechanically abraded to encourage initial diamond growth. The substrate
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must be capable of surviving the harsh CVD conditions (temperatures of
~800 °C and a H; atmosphere), and form a thin carbide. If the substrate
does not form a carbide (e.g. Ge, Cu) the diamond film does not adhere
and simply delaminates upon cooling. Conversely, if the substrate material
has too great an affinity for carbon (Ni, Fe, Co), the growing diamond film
simply dissolves into the substrate forming a thick carbide. Thermal
expansion mismatch between the substrate and diamond is also a problem,
and often leads to compressive stresses, cracking or even delamination of
the diamond film upon cooling after deposition. Materials which meet all
these criteria include Si, Mo, W, and their carbides, and to some extent Ti
[39-42].

Because of the random nature of the nucleation produced by manually
abrasion and/or seeding, heteroepitaxial films are nearly always
polycrystalline in nature. Even films grow on a diamond substrate and
which start out epitaxial and single crystal, can often become
polycrystalline due to renucleation processes during growth. The exact
mechanism for renucleation is still a matter of debate, but it is thought
that non-uniformities during growth cause defects in the growing diamond
layer, which then lead to twins, dislocations, and ultimately a second
crystallite growing misaligned to the first. The grain size thus depends
upon the initial seeding density as well as the growth conditions. MCD films
have crystals >0.5 pm, and are usually deposited using 1% CH4 gas in H;

atmosphere.

1% century due to their

NCD films started to be popular in the early 2
small surface roughness compared to MCD films. The small surface
roughness is due to the small crystallite size, between 10-500 nm. This
small surface roughness made the production of transparent free standing
polycrystalline diamond films possible following a series of polishing
techniques [27,43,44]. NCD films can be made in two different ways, and
the two types of NCD film have different properties. In the first type, a
very high nucleation density is achieved by seeding with a densely packed
monolayer of DND. Growth of diamond using 1% CH4 in H; then occurs,

producing a thin continuous NCD film. If growth were to continue for many
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hours, this film would eventually become thicker and turn into an MCD
film. However, stopping the growth while the film is <1 ym thick produces
an NCD film with facetted nano-crystallites. The second type of NCD film is
deposited by simply increasing the methane content from 1% ~ 5% in the
normal CVD gas mixture. The more methane is present in the mixture, the
higher the rate of renucleation. NCD films produced this way often
rounded grains of size 100 nm which have aggregated into ball-like (ballas)

or cauliflower structures.

NCD films contain higher sp? carbon content compared to sp* carbon
due to the increased number of grain boundaries present in the films
[45,46], especially in cauliflower NCD where the grain boundaries can also
be thicker. In certain electronic applications such as thermionic energy
converters, the existence of grain boundaries is thought to improve the
emission current produced [47-49]. However, usually the higher humber of
grain boundaries in the film detrimentally affects other diamond
properties, such as the mechanical strength, thermal conductivity and

optical transparency [30].

UNCD films are classified as diamond film with grain size less than 10
nm. They were originally developed at Argonne National Labs in the USA,
and UNCD is actually their trade name - although it has now become the
generic name for films of this type. Most UNCD films are grown in
microwave CVD (MWCVD) systems in a hydrogen-poor atmosphere. The
typical gas mixture used is 99%Ar with 1%CH4, although sometimes (1%-3%)
H, gas is added as well [30,32,50,51]. The deposition conditions allow
renucleation to occur very frequently, and produce diamond films with very
small grain size. Along with the increasing number of grains and grain
boundaries comes a deterioration in properties, and UNCD possesses only a
fraction of the values for many electronic and mechanical properties as
SCD. Nevertheless, because the surface of UNCD films is smooth on a nm
scale, this makes them useful for many electronic applications such as
MEMS devices, biosensors and nanolithography. Due to their very small
grain size, it has proved difficult to dope UNCD. N-type doping has been

reported, but not in the conventional sense. In these films, doping using N
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atoms during CVD will not substitute any C atoms inside the diamond
lattice, but instead causes N to aggregate in the grain boundaries [30]. This

leads to higher electrical conductivity of the UNCD films [52].

1.3 Synthetic Diamond

1.3.1 Details of Chemical Vapour Deposition

In a diamond CVD process, atomic hydrogen is known as the key
factor which drives all the chemistry [53]. A hot filament or microwave
plasma produces sufficient heat to dissociate the hydrogen molecules into
H atoms, which then react with the other hydrocarbon components of the
gas mixture to form a complicated chemical soup of atoms, radicals, ions
and clusters positioned immediately above the growing diamond surface.
In an atomic-H-rich environment, the etch rate of sp? carbon is between 10
to 100 times faster than that of sp® carbon [54]. Thus, any graphitic
carbons are etched back into the gas phase, while the diamondlike sp?
carbons remain attached to the substrate. In this situation it is kinetically

stable to preferentially form the diamond structure.

A typical CVD system operates at a low pressure (10-200 torr), and a
high substrate temperature (800-1000°C) with higher temperature of the
activation region (2000-2500°C). The environment consists of an activated
gas-phase mixture of hydrocarbons, H, and/or N,. Plasma or thermal
energy is commonly used as the hot activation region to dissociate the
hydrocarbon (usually methane) into its radicals, and H; gas into atomic H.
In modern diamond CVD, the two most commonly used systems are hot-
filament CVD (HFCVD) and microwave-activated CVD (MWCVD). Both

techniques are discussed in detail in the following section.

There are other CVD techniques used to prepare diamond films, such

as DC-arc jet reactors and combustion flame CVD, but these are not



discussed here but have been mentioned in various papers in the past
[55,56].

1.3.1.1 Microwave Plasma CVD (MWCVD) system

The first diamond films grown by MWCVD were reported in 1983 at
NIRIM in Japan by Kamo and co-workers [57]. A MW-generated plasma ball
with an excitation microwave frequency at -2.4 GHz [58]. Figure 1.2
illustrates their linear-antenna MWCVD reactor, which remains one of the
common setups used for diamond growth today. The microwaves enter the
chamber through a quartz window, which separates the vacuum chamber
from the atmospheric pressure air, igniting a plasma in the chamber
directly above the substrate. The high temperature plasma ball (typically
2000-2500°C) was generated from the collision of electrons, molecules,
atoms and ions, and remains localised at one of the nodes in the microwave
cavity. The power used to grow diamond films is reactor dependent and
ranges from 800 W to 50 kW, although typical systems use 1-5 kW. The
diamond growth rate using MWCVD varies from 0-100 um/h, depending on
the growth conditions [34,57,59,60].
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Figure 1.2: Schematic diagram of a linear antenna MWCVD reactor.

1.3.1.2 Hot-Filament CVD (HFCVD) system

HFCVD was chosen as the tool for diamond growth in this study due
to their ability to deposit diamond films over large areas, along with their
simplicity relative to MWCVD. In addition, HFCVD is one of the most

established methods to date in growing thin films.

In this technique, a metal filament made from tungsten, tantalum or
rhenium wire is typically used for the thermal activation of the gas
mixture. The thin wire filament is positioned 3-5 mm above the substrate
and then resistively heated to between 2000°C and 2500°C. The typical
power used varies between 70 W to 300 W, at a process pressure of ~20
torr. The heat transfer from the filament through radiation usually is not
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sufficient to heat the substrate temperature to the ~850°C required for
diamond deposition. Hence, secondary heating is often used in the form of
substrate heater to increase the substrate temperature to the desired
value. The typical growth rate of a HFCVD system is ~0.5 pm/h. One
disadvantage of HFCVD compared to MWCVD is that the filaments are
sensitive to the presence of many gas-phase species, especially oxygen. If
even trace amounts of oxygen are present, the filament lifetime is
drastically reduced, often to seconds. This limits HFCVD gas mixtures to

those that do not contain oxygen.

Details of the HFCVD setup and growth conditions used in this study

are discussed in Chapter 2.

1.3.2 Diamond Growth Mechanism

Figure 1.3 illustrates the Bachmann diagram of C/H/O species for
diamond and non-diamond growth. This diagram helps explain the growth
conditions needed for CVD diamond films [61], and was created by
comparing the quality of diamond produced by over 70 different CVD
processes and gas mixtures. The diagram shows that good quality diamond
is produced in only a small region of phase space, on the carbon-rich side
of the CO tie line. Too much O or H and no films grow because all the
carbon is in the form of gaseous species such as CO or CH4. Too little O or
H and the C-containing molecules link together and deposit as non-diamond

carbon forms, such as graphite or polymers.

The diagram shows that growing diamond films, either with C/H
mixtures or C/H/O mixtures, is independent of the original precursor gases
used. This suggests that the ‘chemical soup’ of reactants above the growing
diamond surface is so well mixed that only the ratio of C:H:0 matters for
growth. It also emphasises the importance of H species in diamond growth
process, as higher amounts of H species present help push the growth

regime from non-diamond into diamond. In a HFCVD reactor, the presence
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of oxygen causes the metal filaments to burn out within seconds. Thus,
most of the Bachmann diagram is inaccessible to HFCVD. This is why there
is a small region in the lower left-hand corner of the diagram (1-3% CHy4
/H;) which is used as the standard CVD conditions in HFCVD.

0.0

Diamond Growth

Non-diamond carbon
0.5 CO

1-3% CH,  CH,

in H, No growth

Figure 1.3: Bachmann diagram of C/H/O species for diamond and non-diamond growth.

1.3.2.1 Surface Mechanism of Diamond Growth

The gas mixture enters the process chamber, diffuses around, and at
some point passes through the hot activation region (either the hot
filament or the plasma ball), as depicted in Figure 1.4. Due to high
temperature in this region (2000-2500°C), the gas molecules are
dissociated. In particular, 1-40% of molecular hydrogen is split into atomic
hydrogen which then starts a series of chemical reactions with the other
hydrocarbon species present. CHy4 is typically used as the hydrocarbon

source gas, but this series of reactions forms various other radicals such as
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CHs;, CH,, CH, C as well as C;, C;H, C;H;, C;Hg¢ and higher hydrocarbons
[32,50,62]. Of these, CHj; is believed to be the main hydrocarbon radical
that is crucial in determining the growth rate of diamond films due to its

high concentration at the growing diamond surface.

H, CH, H, H

H 2
CH, : H, CH, Process gas
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region
°H L4 CH3
+ CH; H e+ CH; H H Free radicals
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L4 CH3 oH .H .H ° CH

__:I.___i___$___¢____ Diamond
«—— particles

Diffusion layer . . . .
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Figure 1.4: Schematic diagram of gas phase reaction pathway towards the substrate in the CVD

diamond growth system. The activation region could be either a hot filament or plasma ball [1].

Figure 1.5 shows the simplified schematic diagram of the standard
diamond growth model on a diamond surface. Theoretical calculations have
shown that the formation of new layer of carbon atoms on a diamond
surface is a rate-limiting process during growth. This consists of forming a
four-C-atom nucleus on the {111} surface [63]. This nucleus is not only
essential in growing the next layer of diamond by addition of another CH3
but also as a reaction space for addition of any impurities to change the
property of diamond. For example, CN and -NH; species may be introduced

during this step to produce N-doped diamond films.
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Figure 1.5: Simplified schematic diagram of the standard diamond deposition model [1,64].

The growth process is initiated by the abstraction of an H atom from
the diamond surface to form a dangling bond, or surface radical site. Next,
CHs will attack the dangling bond to form a new C-C bond. The process will
be repeated on the next available C-H until it forms a complete 6-
membered ring, so completing the diamond structure. This is a simplified
surface mechanism of diamond growth because the model excludes the
migration of C atoms, formation of nucleation sites and abstraction of C

atoms from the surface to form gas phase hydrocarbon species.

If the diamond film is grown on a non-diamond substrate
(heteroepitaxial growth), the initial mechanism differs slightly. When
diamond films are grown heteroepitaxially, the first step is the formation
of a metal-carbide or silicon-carbide [65-67]. The carbide layer acts as
initial C layer for the H abstraction process and the subsequent formation

of C-C bonds as depicted in Figure 1.5. Depending on the substrate material
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and growth time, this carbide layer can be atomically sharp (Si), 10-100s of
nm thick (Si, Mo), several um thick (W) or 10-100 pym thick (Ti).

1.4 Substrate Pre-treatment

A pre-treatment process is essential for heteroepitaxial CVD as it
reduces the nucleation time to form continuous diamond films. A wide
range of seeding techniques are commonly used, such as simple manual
abrasion using diamond powder, sonication in nanodiamond suspension,
electrospray of diamond particles, self-assembly of a polymer-diamond
suspension and applying a negative bias on the substrate during diamond

growth in CVD reaction chamber (bias enhanced nucleation).

1.4.1 Manual Abrasion

This technique was the most simple and cost effective technique
used in seeding diamond particles onto a substrate. Previously, hard grit
such as SiC, c¢-BN and ALO; has been used in this technique
[55,56,59,60,68,69]. However, diamond powder was proven to be the most
effective [66]. In this technique, a small quantity of diamond powder
(typically 1-3 um in size) is applied between two substrate surfaces, which
are then rubbed together to both scratch the surface and embed diamond
particles onto both substrate surfaces. Excess diamond powder is then
wiped away. The scratches formed on the surface due to abrasion create
suitable defect sites to promote diamond growth. Also, fragments of
diamond broken off from the abrasion grit are also embedded in the
substrate surface - and these aid nucleation. The time taken for the
process, the particle size of the diamond and abrasion procedure have been
reported by others [39] and the reported optimised parameters were used

in this study.
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1.4.2 Electrospray

Figure 1.6 shows the electrospray system in the Diamond Laboratory,
University of Bristol. This technique utilises an applied potential difference
between a diamond-particle suspension and the grounded substrate as the
driving force for the suspension to be attracted towards the substrate used.
When a high potential (35 kV) is applied between the substrate and
diamond suspension, the liquid suspension (usually nanodiamond in
methanol) is attracted towards the substrate and pulled out of the syringe,
and then vaporised into a spray which travels towards the substrate. The
distance from the end of the nozzle to the substrate was optimised so that
the liquid had enough time to nearly evaporate completely before striking
the surface. If too much liquid hit the surface, splashing would occur,
whereas if too little liquid (e.g. only the dry nanoparticles) hit the surface
they would not stick properly. The substrate was rotated at a few rev/s to
aid uniformity of deposition. After seeding, the seeds were only weakly
bound to the surface and could easily be removed by sonication or friction
from tweezers. Therefore, they were held carefully by the edge and either
placed into the CVD reactor immediately, or stored in sample boxes. So
long as the top surface was not touched these samples could be stored for

many weeks before being used for CVD.
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Figure 1.6: The electrospray instrument used in Diamond Laboratory, University of Bristol for
diamond seeding process.

1.4.3 Sonication in Diamond Suspension

In this pre-treatment technique, diamond powder was dispersed in a
liquid suspension. The most typical liquid used was water because the small
surface charge on the nanodiamond interacts with the water molecule
dipoles and creates a stable suspension [28]. Most commercially available
detonation nanodiamond is supplied in this form. The substrate to be
seeded was immersed in the diamond suspension and sonicated in an
ultrasonic bath for between 30-60 minutes depending on the concentration
of the suspension and the nanodiamond particle size [42,70,71]. The
ultrasonication gently abraded the substrate surface with the diamond
crystal and also embedded the diamond particles into the substrate
surface. This technique was widely used to prepare thin NCD and UNCD
diamond films with high nucleation density because manual abrasion
produced scratches that were too deep or large for nanofilms. [72]. Similar
pre-treatment processes using suspensions of diamond in various organic

liquids have also been reported [73].
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1.4.4 Bias-Enhanced Nucleation (BEN)

Bias-enhanced nucleation (BEN) is a technique whereby a negative DC
bias (-70 to -250 V) is applied to the substrate during the first stages of the
diamond growth process in a MWCVD reactor [74-76]. During this BEN stage,
which usually lasts for about 10-30 minutes, the CH4 concentration is
usually increased from 1% to 4-10%. The negative bias will attract positive
hydrocarbon ions (CH3", CH,", etc) from the plasma onto the substrate
which they strike with high kinetic energy. This causes them to be
implanted into the sub-surface region of the substrate (in a process called
‘sub-plantation’) creating few monolayers of carbon. Further impacts by
ions cause thermal spikes to be sent through this layer, effectively
annealing it and cause the carbon layer to register and align with the
underlying Si lattice. This produces an almost epitaxial seed layer with high
nucleation density [77]. After BEN, the growth conditions are switched back
to normal and the bias is turned off, and CVD continues on the epitaxial
seed layer, often forming a large area pseudo SCD coating. Although
useful, this method requires a conductive substrate and only works with
MWCVD.

1.4.5 Self-assembly of Diamond Particles

Self-assembly is one of the most recently developed pre-treatment
techniques to seed diamond particle onto the substrate. It utilises the zeta
potential charge (ZPC) of the substrate in a liquid medium, which is
defined as the potential difference between the dispersion medium (liquid)
and the stationary layer of fluid (surface species) attached to the substrate
[78]. A Si wafer has a native oxide layer, and upon contact with water
exhibits negative ZPC [28]. By manipulating the surface charge on
nanodiamond particles (i.e. by giving them a positive ZPC), a spontaneous
self-assembly mechanism was observed on the substrate with high

nucleation density [28].
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A different approach was used by previous Bristol researchers. Two
different types of polymer, anodic and cathodic polymers, were used. First,
the substrate was immersed in a positively charged cathodic polymer
solution (polyethyleneimine - PEI or polydiallyldimethylammonium chloride
- PDDA) to create a positive charge on the substrate surface. Then, the
substrate was immersed in a mixture of a negatively charged anodic
polymer (polystyrene sulfonate - PSS) with nanodiamond suspension. The
negative nanodiamond-PSS were electrostatically attracted to the
positively charged surface and adhered there, forming a stable, self-
assembled nanodiamond monolayer. Lastly, a washing and drying process
was performed to remove any excess polymers and nanodiamond from the
surface of the substrate. Any remaining polymer is expected to be
vaporised in gaseous hydrocarbons in the first few seconds of exposure to

the reactive H atom atmosphere during CVD.

1.5 Impurities, Defects and Doping

The introduction of impurities into a diamond lattice may lead to
various effects. It can either enhance or degrade the properties of the
crystal. The introduction of metals such as iron, cobalt and nickel may
degrade the properties of diamond while the introduction of oxygen,
nitrogen, lithium, sodium or boron may lead to the enhancement of
diamond’s electrical properties [33,79-81]. By introducing these dopants,
diamond can transform from being an electrical insulator into a
semiconductor or even a semi-metal. Boron is responsible for transforming
diamond into a p-type semiconductor while phosphorus and nitrogen (and
theoretically, lithium) will transform diamond into an n-type semiconductor
[82-84].
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Figure 1.7: Band diagram of intrinsic diamond, p-type diamond and n-type diamond.

Figure 1.7 illustrates the band gap of intrinsic diamond, p-type
diamond and n-type diamond. For intrinsic diamond, the energy for a single
electron to be excited from the valence band maximum (VBM) to the
conduction band minimum (CBM) is 5.45 eV. This high activation energy
makes intrinsic diamond an electrical insulator. In contrast, p-type
diamond has an acceptor energy level near the VBM. An acceptor is usually
an element has one electron less than C, and is capable of substituting for
a C atom in a diamond lattice. As a result of the missing electron, the
dopant will generate a free positively charged hole, which will conduct the
electrical current by accepting an electron from neighbouring carbon.
Hence, a p-type dopant is also known as an acceptor in the diamond

lattice.

The role of n-type dopants is the opposite of p-type material. Any
element that has more electrons than C and has a capability to substitute
for C atom in the lattice can be classified as a potential n-type dopant.
However, the exception could also be made for any element that has the
ability to be inserted into diamond lattice interstitially, such as lithium and

magnesium. These elements have the potential to donate an electron into
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the diamond lattice via an interstitial position. As depicted in Figure 1.7, n-
type diamond has a donor level near the CBM of diamond. The extra
electron from the donor atoms will be donated into the CBM of diamond to

change the property of diamond from insulator to semiconductor.

1.5.1 P-type doping

P-type diamond has been widely researched, produced, used and
samples are commercially available from Element Six, Ltd, and other
synthetic diamond companies. Boron atoms are commonly used as the
dopant giving an activation energy of 0.37 eV above the VBM of diamond
[83]. This small activation energy is responsible for the low resistivity of

boron-doped diamond films at room temperature and pressure.

In 1991, boron was first incorporated into SCD HPHT diamond via an
ion-implantation method. p-type conductivity was observed in the SCD
films due to the reduction of electrical resistance throughout the film,
however, defects were created in the sample as result of the high energy
ion beam (10-100 keV) [85] and it is possible that some of the improvement
in electrical conductivity was due to increasing sp* carbon content in the
films resulting from ion damage [86]. Some of this damage could be
removed by post-annealing. 2x10®° c¢cm™ of B atoms was successfully
implanted in the diamond films giving resisitivity <10% Q cm after post
annealing treatment at 1450°C [87].

Forced diffusion has been done in the past using boron powder to
incorporate boron atoms into SCD type Il films. Boron powder was diffused
between two SCD films under the influence of electrical bias. Higher
concentrations of B atoms (-10'® cm™) were successfully incorporated when
the sample was positively biased compared to ~10® cm™ when negative bias
was applied on the sample. This suggest that B atoms diffused into the

sample as negative ions [88].
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The most common method to prepare boron-doped diamond (BDD) is
using CVD. Typical boron precursors used in this technique are diborane
gas, boron trioxide and trimethylborane [86,89-92]. Extra precautions need
to be taken into account while using these boron precursors due to their
toxic nature. Higher concentrations of precursor gas used in the growth gas
mixture leads to higher concentrations of boron atoms incorporated into
the BDD. This allows the B concentration in the film to be readily
controlled from ~10" to 10*' cm™[86,89,93].

The electrical conductivity of BDD increases with the amount of
boron atoms incorporated, as illustrated in Figure 1.8. BDD starts to exhibit
semi-metallic properties when the concentration of B increases >10%" cm™.
Heavily doped BDD also becomes superconducting at 2-8 K and survives 3.5

T of magnetic field current [94].
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Figure 1.8: (a) Resistivity vs. concentration of B in boron-doped diamond films and (b)
temperature dependent conductivity data at different temperature with different boron

concentration incorporated in diamond films [89,93].
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The ability to dope diamond with B has allowed a number of simple
p-type devices to be constructed, such as UV detectors, simple sensors,
electrochemical electrodes, photovoltaic cell and microplasmas
[11,13,43,95-101].

1.5.2 N-type doping

Even though p-type semiconductor diamond films are widely
available, to fully utilise diamond film technology, n-type semiconducting
diamond is crucial, especially in making p-n junction for electronic devices.
Moreover, the large band gap of diamond places the CBM of diamond near
the vacuum level. To be able to excite electrons from the donor level into
the CBM of diamond and then into the vacuum level will create a low work
function material that will revolutionise the electron emission industry,
potentially for the production of field emission and thermionic emission
devices. A few n-type dopants have been suggested both experimentally
and theoretically by other researchers, ranging from N, P, S, Li, Na, Sb and
As but to date, none of these have provided useful n-type electronic
characteristics at standard room temperature and pressure [33,40,102-
105].

1.5.2.1 Nitrogen

N atoms are commonly found impurities in natural and synthetic
diamond. Most HPHT type | diamonds contain N atoms either in aggregates
or in a single substitutional site. N atoms are easily incorporated into
diamond films grown using CVD. N, or NH; gas is mixed into the gas phase
while growing the diamond films, and nitrogen-doped diamond have been
successfully synthesised with a concentration of N atoms ranging between
10" to 10" cm™ [106,107]. However, N atoms act as a deep donor in
diamond, in which it requires 1.7 eV to excite an electron from the donor
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level into the CBM of diamond. The high activation energy needed leads to
high electrical resistance (>200 MQ) throughout the diamond films at room

temperature and pressure [81,108].

1.5.2.2 Sulfur

Sulfur atoms had the potential to be a shallow n-type dopant due to
its two valence electrons. However, due to the larger covalent radius of
sulfur (1.08 A) compared to N and C, the solubility of S in diamond lattice
will be low. Sulfur is usually incorporated into the diamond lattice using
CVD with hydrogen sulfide (H;S) gas used as the S precursor. Early reports
said that the introduction of S into the growth process reduced the growth
rate of the diamond film and also reduced the quality of the diamond films
produced [33,79,109]. But in 1999 Sakaguchi and co-workers [103] claimed
to have made an n-type diamond semiconductor containing ~10'® cm™ of S
atoms. The films had high carrier concentrations and a high mobility (597
cm? V' s at 300 K) with an activation energy of 0.38 eV. However, the
sample was later shown to be contaminated with B atoms due to the Type
Ib SCD film used as the substrate [110]. The result of a boron-implanted
sample with similar B concentration was proven to be consistent with the
result for Hall measurement obtained by S-doped diamond films prepared
by Sakaguchi [110]. Thus, S is currently not accepted as being an n-type
dopant for diamond - although it does have the effect of increasing the

graphitic grain boundaries which increases overall film conductivity.

1.5.2.3 Phosphorus

Apart from N and S atoms, P atoms are also candidates to promote
n-type semiconductor properties in diamond films. Theoretical studies
suggest that phosphorus-doped diamond had lower activation energy
compared to nitrogen-doped diamond. Approximately 0.2 eV - 0.6 eV
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energy is needed to excite an electron from the phosphorus donor energy
level into the CBM of diamond, compared to ~1.2 eV - 1.7 eV energy
needed in nitrogen-doped diamond [82,83,111]. However, the solubility of
phosphorus in a diamond lattice remains as a great challenge. The large
covalent radius of P atoms (1.13 A) hinders the substitution of C atoms with
P atoms and leads to a low solubility of P atoms in the diamond lattice
[82]. This often leads to growth of non-uniform diamond films or diamond
films grown with defects and re-nucleation sites on the grain itself [33,112-
115].

Implantation of P atoms into diamond was reported to produce a
high concentration (2.8x10"® cm™) of incorporated P atoms [116]. The n-
type doping efficiency was at 10% for this sample with electron

concentration at 900 K being 3x10" cm®™.

However, the electrical
conductivity of this sample was small. Upon annealing, the conductivity
reduced significantly. The annealing treatment caused an opposite effect
compared to that caused in ion-implanted B-doped diamond films (see
Section 1.5.1). The carrier mobility for the P-doped diamond film was low
(30 cm® V' ™) and was speculated to be limited due to the presence of

defects.

The most common P-doped diamond today is prepared via CVD using
phosphine gas, PHs;. The amount of P atoms incorporated inside diamond
can be controlled precisely between 1x10" to 2.5x10" cm™ [41,42,117-
119]. However, the quality of diamond films reduces greatly when higher
concentrations of P are incorporated into the diamond films. Even though
the growth conditions were those for standard MCD growth, analysis
showed a higher than normal content of sp? carbon at the grain boundaries.
This is due to the larger P atoms increasing the strain in the diamond
lattice. The theoretical formation energy in substituting a C atom with P
atom is predicted to be at 10.4 eV [82]. This large formation energy

explained the low solubility of P atoms in diamond.

In addition to that, the carrier mobility in phosphorus-doped

diamond films is too low (25 to 600 cm? V' s™") making them impractical in
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creating n-type semiconductor electronics at room temperature
[114,117,120].

1.5.2.4 Sodium

Sodium was also suggested as a potential donor in diamond due to its
extra valence electron. However, after extensive theoretical calculations
on Na behaviour in a diamond lattice, it was concluded that Na atoms
substitute for the C atoms inside the diamond lattice, rather than insert
themselves interstitially [80,83,121-123]. This position leads to the
production of a p-type semiconductor rather than an n-type semiconductor.
The Na atoms act as a deep acceptor. Experimental data also support the
attribution of Na atoms as acceptors because Na atoms diffuse through
diamond as negative ions under electric bias [88]. High concentrations of
Na atoms (2x10" cm™) were successfully incorporated via forced diffusion
(negative bias) method, however the electrical resistance of Na-doped
diamond films was still high; between ~100 kQ to 100 MQ [105].

1.5.2.5 Lithium

Theoretical studies suggest that lithium can enhance the
semiconductivity of diamond by introducing a shallow donor energy level in
the band gap of diamond. The energy to excite an electron from the
lithium donor level to the CBM of diamond should be less than 0.3 eV
[83,121,122]. Unfortunately, experimental confirmation remains elusive.
More research has been focused on trying to force lithium into the diamond
lattice by implantation, diffusion and insertion during growth but the

lithium remains inactive inside the diamond lattice [103,105,124].

In contrast with N, S and P doping, ion-beam implantation is

preferable for Li compared to addition of the dopant precursor during CVD
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growth. This is due to the limited availability of cheap, safe, gas-phase Li
compounds. Various dosages of Li from 1x10™ - 4x10'® cm? were implanted
into type lla diamond substrates [105,125,126]. When 1x10™ cm was used
as the Li ion dosage, a maximum of 1x10' cm™ of Li were detected using
SIMS [125]. The implantation followed a normal Gaussian distribution and
spread across a depth of 600 nm beneath the diamond surface. High
temperature implantation gave a lower sheet resistance by two orders of
magnitude compared to room temperature implantation followed by
annealing [126]. 100 MQ cm™ sheet resistance was recorded at 850 K for
the sample implanted with Li atoms at high temperature. Even though the
activation energy of electrical conductivity of Li-doped diamond films is
reported to be between 0.19-0.23 eV, the sheet resistance was too high for

any practical application.

Forced diffusion was also used to incorporate Li atoms into diamond
by applying an external voltage. 230-240 V was applied between a Li source
sandwiched between two type lla diamond substrates [88,127]. When Li
metal was used, Li atoms diffused into the diamond lattice as negative ions
and SIMS analysis recorded an average concentration of 1x10® cm™ [88].
However, when Li,CO; was used, the applied bias had no effect on the
diffusion of Li. The concentration of Li atoms for the positively biased,
negatively biased and non-electrical biased samples remained the same at
-3x10" em™ [127]. In another series of diffusion experiments the initial
concentration of Li atoms was as high as ~10?' cm. But this was later
found to be an overestimation caused by the unwashed excess starting
material. After a series of washing processes using mineral acids and
deionised water the concentration of Li atoms reduced to ~10"" c¢cm™[103].
This serves as a cautionary warning about the pervasive nature of Li and
how much care needs to be taken when using it to avoid false readings (see
Section 3.3.4). Even though high concentrations of Li were successfully
diffused into diamond, no significant results were obtained from Hall effect

measurements.

Only a few attempts have been reported about attempts to

incorporate Li atoms during diamond CVD. In one report, butyl-lithium,
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C4HoLi, was dissolved in hexane and pressurised in Ar atmosphere at 1x10*
Pa [128], and added into the CVD gas mixture. The maximum concentration
of Li atoms observed 10 nm below the surface was 8x10" cm™ which
reduced to 5x10"> cm™ at 350 nm. Lithium-¢t-butoxide, LiOC4sHs powder was
also used as Li precursor. The powder was heated in a different chamber
(200°C) and connected to the CVD reactor with a stainless steel tube. Using
this method, 2.49x10'® cm™ of Li was successfully incorporated inside
diamond films. Unfortunately, the Li-doped diamond films were also

electrically inactive.

It was speculated theoretically that the high mobility of Li atoms in
diamond at moderate temperatures, ~550°C might lead to the clustering of
the Li atoms, and their mutual interaction/bonding would tie up their
valence electrons, making them ineffective donors [80,82,83,123]. Goss
and co-workers [123] simulated the formation of Li complexes in their
theoretical models using the AIMPRO code. The clustering of interstitial and
substitutional Li was found to be favourable due to the higher binding
energy compared to incorporation of individual species. The clusters
exhibit single and double acceptor energy levels at 1.8 eV and 3.1 eV above
the VBM of diamond. These energy levels were considered to act as deep

acceptors and will render them electrically inactive in diamond films.

1.5.2.6 Lithium-Nitrogen Co-doping

As N atoms in diamond act as a deep donor, Li atoms remain inactive
due to cluster formation, and P has limited carrier mobility, the production

of a suitable n-type semiconductor diamond is still an unresolved issue.

To attempt to solve this problem, Namba and co-workers [129]
suggested that creating a defect site with a 1:1 ratio of lithium and
nitrogen will enhance the conductivity of the diamond as an n-type donor.
In this case, the Li atoms must be inserted interstitially while N atoms

replace one of the carbon atoms to form a substitutional dopant. It is
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suggested that the Li atom will be pinned down by the N atom, so its
mobility will be reduced, with the electron from the Li atom being
transferred through the N atom directly into the diamond lattice through
the Li-N bond. Thus, this co-doping process could create n-type
semiconducting diamond with a shallow donor level and high electron
mobility. The original report of Li-N codoping came from Namba et al’s US
patent, but this included no experimental evidence showing the codoping
actually worked. Much of the work in this thesis (Chapters 4 & 5) was
performed to try to verify the co-doping idea and to optimise the Li:N ratio

and electrical properties.

1.6 Theoretical Studies of Li-N Dopants in Bulk Diamond

The complexity and multiple variations in doping diamond with
potential dopant atoms will lead to a large number of trial and error
experiments if the approach is being done by experimentation alone. Thus,
computational calculations have also been used to ease the complexity in
determining the best structure, stoichiometry, and predict the electrical
properties of the dopants in diamond. Density Functional Theory (DFT) was
chosen as the best approach to calculate the energy of the doped diamond

structure due to its accuracy in solid state calculations.

1.6.1 Density Functional Theory (DFT)

Density Functional Theory (DFT) was developed to solve the
Schrodinger equation for systems with many electrons, and to deduce the
ground-state of the electrons in the material of interest. The ground-state
behaviour is best described and explained using a first-principle approach

due to the inclusion of electron-electron interactions.
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The complexity of solving the Schrodinger equation requires
approximations and simplifications to be made to reduce the time needed
to perform the calculations. The Born-Oppenheimer approximation [130] is
used to exclude the nuclei-electron interactions and to simplify the
calculation to only calculate the electronic wavefunction. The concept of
pseudopotentials is also applied in the DFT calculation in order to treat the
core electrons as fixed potentials due to the strong interaction of the core
electrons and the nuclei that will make them behave independently in the
chemical environment. Hence, only valence electrons are included when
solving the Schrodinger equation. The pseudopotentials are constructed

prior to the calculation and are done automatically by the software used.

Before the discovery of the DFT concept, the most popular technique
used in ab initio calculations was Hartree-Fock (HF) theory. However, HF
theory over complicates the calculation by calculating the entire
wavefunction of all the electrons in many-electron systems, which
increases the computational time greatly. In contrast, DFT utilises the
concept of electron density rather than the wavefunction of electrons. The
electron charge density will determine the electronic structure of the
material and the many-electron wavefunction does not need to be solved
explicitly. The basic concept behind DFT was that the minimum charge
density calculated would be identical to the true ground-state charge

density.

The advancement of computer power allowed DFT to gain
popularity, with much more user-friendly software being used by biologists,
chemists and engineers. By having a minimum understanding of quantum
mechanics, the researchers were still able to utilise the DFT software in

predicting the properties of materials.
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1.7 Applications

Diamond is known to have wide range of applications due to its
mechanical properties and chemically inertness in harsh conditions. In
addition to that, its high thermal conductivity and high electrical resistance
make diamond films good candidates for heat-sink applications [1,5,85].
P-type and n-type diamond have been created using various dopants (see
above), and the semiconducting diamond used in various devices such as
SAW [11,12], MEMS [7,8] and LEDs [13]. In addition to that, the wide band
gap of diamond (5.45 eV) and its high carrier mobility (-10* cm? V' §)
allow photoelectron and electron emission applications. The wide band gap
of diamond places the CBM of diamond near the vacuum level, and by
introducing an n-type donor into the diamond film, the work function of
this material will be reduced greatly. This allows the diamond to be used as
an efficient source of electrons in vacuum, because the electrons can be
emitted from the surface with only a very low barrier to overcome. The

emission process can occur as a result of excitation by various methods.

Secondary electron emission used a high energy primary electron
beam to knock out electrons from the diamond surface. For diamond the
yield of secondary electrons is greater than one, leading to electron
multiplication. This can be useful in photomultiplier devices or dynodes
[2,131].

Alternatively, the electrons may be emitted as a result of a high
potential difference applied between the diamond and a collector
electrode. This is known as field emission, and diamond has a threshold
field for field emission of a few V/um, comparable with carbon nanotubes
and better than most other materials. The electron current increases with
applied field, and the electrons can be accelerated to strike a phosphor
screen (for use in flat panel displays), a metal electrode (for use in X-ray
generation), or a diamond anode (to form a fast-response vacuum valve
device) [132-135].
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The electrons can also be emitted as a result of thermal energy -
simply heating the diamond in vacuum causes electrons to be ejected from
the surface in a process called thermionic emission. The electrons can be
captured by a collector electrode, and by completing the circuit a self-bias
is produced which can be used to drive a load. This effectively converts
heat into electricity, and has been suggested as a method for solar energy
generation [136-139].

1.7.1.1 Thermionic Emission

Thermionic emission is a heat-induced process that emits electrons
from a hot emitter (cathode) over an energy barrier and collects them on a
colder collector (anode), as depicted in Figure 1.9. Most common
applications of this process can be found in electron microscopes (the hot
filament used to generate the electrons operates by thermionic emission)
and power generation in space-borne devices. When enough heat is
supplied to the emitter to overcome the work function of the material,
electrons will be emitted from its surface. However, an electron cloud will
be generated near the emitter surface, and this space-charge effect will
inhibit further electron emission. To overcome this, a small positive bias is
usually applied to the collector to attract the electron cloud and reduce
the space-charge effect near the emitter surface. The emitter and
collector are connected to ground to ensure the electron flow is kept

continuous.

The first thermionic converter used to generate energy was reported
in 1957 [140] and the common working temperature for thermionic
emission applications are between 1000°C to 2000°C for emitter metals
such as W, Mo and Ta. High working temperatures inhibits the usage of this
application for many Earth-based devices, but have been used to power

satellites and spacecraft.
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Figure 1.9: Schematic diagram of thermionic emission consisting of an emitter and collector.
Both electrodes were grounded and a positive bias was applied to the collector to overcome the

space-charge effect near the emitter surface.

Thermionic emission from diamond was first reported in 1991 [141]
with working temperature less than 1000°C. The threshold temperature for
diamond based emitters was reported at between 250°C and 550°C, with a
low effective work function measured during the emission ranging from 0.9
eV to 4.43 eV [42,48,71,136,142]. These low temperatures suggest that
diamond could form the basis of a very efficient solar thermionic

converter, even on cloudy days.

The Richardson-Dushman described in Equation (1.1) is used to

describe thermionic emission [143]:

o
] = ApT?ewr (1.1)
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where J is the current density measured at the collector, A is the
Richardson constant with the theoretical value of 120 A m? K2, T is the
working temperature, k is the Boltzmann constant and ¢ is the effective

work function of the material.

The group at Arizona State University, led by Robert Nemanich, has
been leading the field of thermionic emission from diamond. They tested
various types of diamond films with different type of dopants for
thermionic emission. They found that a high current density was typically
generated by nitrogen-doped NCD films compared to other SCD and MCD
films. The value ranges from 0.12 to 0.70 mA cm™ depending on the
substrate used and type of dopant incorporated inside the diamond films
[48,138,144]. The high sp? carbon content in the NCD films were believed
to be the contributing factor in increasing the current density produced due
to the increased film conductivity. Different types of dopant were
investigated by other groups using B, N, and P as the dopant element grown
in an MCD film. Boron-doped diamond showed the poorest emitter
characteristic with the current density of 0.6 nA cm? at 1390 K [142].
Phosphorus-doped diamond films prepared with a doping concentration of
5x10'® atoms cm™ exhibited the lowest work function ever reported with
the value of 0.9 eV [42]. However, the current density of the films
collected at 900 K was ~70 pA cm™ [42]. Nitrogen-doped MCD films grown
by Paxton and co-workers showed a lower current density collected at the
same working temperature with the value of ~2 pA cm [145]. The work
function of the materials produced was between 2.22 eV and 2.25 eV. The
lower current density recorded on nitrogen-doped diamond can be
explained due to the deep donor attribute of N atoms in a diamond lattice

compared to phosphorus-doped diamond.

Apart from the low working temperature and low work function of
diamond based thermionic emitters, another variable that was suggested
might play an important role for electron emission was the nature of the
diamond surface. It was found that the negative electron affinity (NEA)
(see Section 1.8) generated by H-termination on the diamond surface was

essential [48,136,145]. When the working temperature of the emitter
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reached 973 K, the H atoms started to desorb from the diamond surface
and degradation of current density was observed [49,136,145-147]. When
the experiments were repeated without the regeneration process of the H-
termination surface, the diamond emitter failed to produce a high current

density even at lower working temperatures.

Currently, the best diamond-based thermionic emitter with the
lowest work function and high current density was produced using mixture
of UNCD/NCD films grown on a Mo substrate with H-termination present on
the surface [138]. However, by having higher sp? carbon content in the
film, it reduced some of the other desirable properties of diamond, such as
hardness, robustness, thermal conductivity, which may reduce the device
lifetime. Thus, it is important to have MCD or SCD films that can produce
high current density and low work function without jeopardising much of

the diamond properties.

To date and within the knowledge of the author, there is no
literature published discussing the effect of Li atoms as dopant in diamond
for thermionic emission applications. Hence, one of the aims of this thesis
is to investigate the potential of Li-N co-doped diamond films as a
diamond-based thermionic emitter material. If the addition of Li atoms into
the existing nitrogen-doped MCD films increases the current density and
reduces the work function of the material, it would open up a new

perspective for thermionic energy conversion.

1.8 Diamond Surface Termination

Diamond is known to possess a H-terminated surface upon growing in
CVD system. In each step during diamond growth process from the surface
mechanism depicted in Figure 1.5, C-H bonds will always be present and
any C dangling bonds will form C-H bonds due to the abundance of atomic
H present in the system relative to other species. The substitution of H

atoms with other species such as O atoms and N atoms initiate further
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chemical reactions to functionalised organic moieties onto the surface for

biomarkers and biosensor applications [15,17,148,149].

The ability to change the surface termination of diamond films is
closely related to the electrostatic interaction of the C atoms and the
surface species due to the dipole moment created between both species.
For instance, a H-terminated surface is believed to yield a negative
electron affinity (NEA) due to the surface dipole created by the difference
in electronegativity between the H atoms (2.20) relative to the C atoms
(2.55) [150-154]. Upon further investigation, this surface charge was not
only responsible for attracting other molecules towards the diamond
surface, but it changes the way electrons are transported from the bulk

diamond into the surface for further reactions.

Figure 1.10 illustrates the band diagram of an NEA and a positive
electron affinity (PEA) surface for pristine diamond. PEA occurs when the
vacuum level is situated above the CBM of the material, and it what is
usually found in most non-metals. This requires additional energy to excite
electrons from the CBM of diamond into the vacuum level, before the
electron can be used in any chemical reaction or in electron emission
applications. A typical example of PEA surface is the O-termination surface
of diamond [153,155,156]. The higher electronegativity of O atoms relative
to C atoms creates a dipole moment between the C-O bonds with the
negative pole outermost. O atoms will have partial negative charged thus
repel any electrons near the surface of the diamond back into the bulk,

preventing them from escaping into the vacuum level.
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Figure 1.10: Schematic band structure of (a) a negative electron affinity surface and (b) a

positive electron affinity surface of diamond.

1.8.1 Negative Electron Affinity (NEA)

The most basic form of NEA on diamond surface was the H-
termination surface. In this case, the surface dipole is such that the
positive pole is at the outermost. This has the effect of increasing the CBM
so it lies above the vacuum level. Now, any electrons that enter the CB
can fall into vacuum (i.e. be ejected from the surface) with no barrier.
However, electrons still need to be promoted from the VB into the CB by
some process, such as electron impact, thermal energy, or photo

excitation.

Almost all diamond films grown using CVD are produced with the H-
terminated surface due to the rich H environment during the growth
process. However, the H atoms are easily desorbed from the diamond
surface when heated between 650°C - 800°C in vacuum. Due to the
importance of the NEA surface in allowing the electrons to be excited into
the vacuum level, it is important to have a thermally stable NEA, especially

for high temperature electronic devices such as thermionic energy
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converters [145,146,153]. Thus, an alternative NEA termination which is

stable at high temperatures is greatly sought after.

Apart from H-termination, other terminations using metals and non-
metal elements have been explored in order to replace the weakly bonded
H atoms on the diamond surface. Cl, F and Br were investigated but the
low adsorption energy of the species made the surface termination process
difficult to be done experimentally [157]. Another way to create the
correct surface dipole is to first oxidise the diamond surface, and then
attach a monolayer of a highly electropositive metal, such as Cs, Na or Li
[152,158-160]. In these cases, the dipole again has its positive pole
outermost. However, CsO- and NaO- terminations show good NEA and
electron emission properties, but they decompose at temperatures as low
as 500°C [161].

Other metals such as Ti, Ni, Co, Zr were deposited as thin layer films
(<1 nm) on top of a diamond surface [151,152,162,163]. When the metal
atoms were coupled with oxygen on diamond films, it changed the PEA of

O-terminated diamond surface into an NEA surface.

In this study, various potential metal-oxygen termination surfaces
were developed to understand further the effect of the metal-oxygen
termination on diamond surface. This was found to be important in order to
provide higher working temperature for the diamond-based thermionic

emitter.

1.9 Thesis Outline & Objectives

The challenge in understanding and preparing n-type semiconducting
diamond is crucial for the advancement of electronics using diamond-based

materials. The aims for the experiments described within this thesis were:

» To investigate the potential of co-doped diamond with high

dosage of Li and N atoms.
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» To propose theoretical models of Li-N co-doped diamond for
better understanding the effect of N atoms as trapping
elements for immobilising the Li atoms to enhance the n-type
electrical properties of diamond.

» To identify the optimum Li:N ratio using the theoretical models
proposed.

» To study the potential of thermionic electron emission of Li-N
co-doped diamond.

» To synthesise a thermally stable NEA surface on diamond films
using a combination of various metal-oxygen termination

techniques.

In Chapter 2, the common instruments and techniques used are
introduced including their standard operating procedure, data analysis and

basic concepts used in characterising the material produced.

Chapter 3, the first experimental chapter. It discusses the methods
used to prepare the Li precursor for growing Li-N co-doped diamond films.
The challenges and precautions that need to be taken while handling the
compound to avoid introducing any unnecessary contamination are also

mentioned in this chapter.

Chapter 4 reports the results for preparing Li-N co-doped diamond
films. It also includes the limitations of SIMS analysis and effects of LisN on

diamond materials.

Chapter 5 reports the result for the theoretical calculation of

various Li-N clusters and their electronic structure.

Chapter 6 reports the thermionic emission study of Li-N co-doped

diamond with various growth conditions.

Chapter 7 reports the preparation of various metal-oxygen

terminations on boron-doped diamond and the analysis of the surface
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species using X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet

Photoelectron Spectroscopy (UPS).

Chapter 8 summarises the results presented in this thesis and

explores the potential for further improvement of Li-N co-doped diamond

for electron emission applications.
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Chapter 2:Instrumentation and Techniques

2.1 Introduction

This chapter discusses the basic concept, standard procedure and data
analysis for the related instrumentation or techniques used during the
study. The aim of this chapter is to provide a brief understanding on how
the instruments work or how the data is processed and reported in the

following chapters.

2.2 Hot Filament Chemical Vapour Deposition (HFCVD) System

A custom-built Hot-Filament Chemical Vapour Deposition (HFCVD)
system was used to prepare all the diamond films grown in this study.
Figure 2.1 shows a schematic diagram of the HFCVD system used at the
University of Bristol. The system consists of three main components; the

gas system, reaction chamber and process gases exhaust.
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Figure 2.1: Schematic diagram (above) and photograph (below) of the HFCVD in the School of

Chemistry, University of Bristol.

The chamber is a stainless steel vacuum vessel attached to a rotary
pump by means of two pipes. A viewport at the front allows the user to
51



see inside the chamber during operation. The substrate holder assembly is
mounted onto the removable top flange, which contains the electrical
feedthroughs to power both the substrate heater and filament. Two
pressure gauges are attached to a side-arm on the chamber: a capacitance
manometer (Vacuum General, CMLB-21, 0-100 torr) to measure the
pressure during CVD, and a Pirani (Edwards, PG100-XM, 0-1 torr) to
measure the base pressure. The process gas mixture enters the chamber
by means of another sidearm, which also incorporates a vent valve to allow

the system to be brought up to atmosphere for sample removal.

Pumping is achieved with a rotary pump (Leybold Vacuum GMBH,
D10E) which attains a base pressure of ~18 mtorr. To achieve base
pressure in minimal time, pumping occurs through the thick pipe. For CVD,
this pipe is blocked, and pumping occurs through the thinner pipe. This
makes it easier to control the pressure in the chamber by use of a manual
needle valve which partially obstructs the thin pipe. Exhaust gases (mostly
hydrogen) are removed from the pump into a pumped extract and diluted
1000x by mixing with air before being expelled out of a chimney in the

roof.

Figure 2.2 illustrates the sample stage inside the HFCVD system. The
stage consists of a Mo plate, stainless steel platen (housing an internal
Ni/Cr coil) and filament holder. The platen was heated by passing 4 A DC
from a home-built power supply through the NiCr resistance wire. The thin
Mo plate on top of the platen diffuses the heat evenly throughout the
sample stage while protecting the platen and coil assembly from the direct
radiation of the filament and reactive CVD gas mixture. The platen
temperature was previously calibrated using a thermocouple, and found to

reach ~400°C without the filaments being turned on.

Tantalum wires (Advent Research Material Ltd, 99.9% purity, 0.25 mm
diameter) were used as the filaments and the distance between the

filaments and the substrate was fixed at 3 mm.
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Figure 2.2: (a) Schematic diagram of the sample stage and (b) photograph of the sample stage
taken out from the HFCVD chamber.

Three filaments were held by the filament holder using a spring
loaded mechanism. Each filament was attached to a spring that was
shielded by hollow curved-stainless steel tube to protect the spring from
the reactive gases during the growth process. A small amount of tension
was applied to the spring by pulling the other end of the filament, which
was then secured with another hollow stainless tube and locked with a
bolt. At high temperature, the filament will expand due to the heat and
the expansion will be taken up by the spring. This ensures that the filament
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will remain straight and taut, and will not bend, droop, or distort during
the CVD run.

The filaments were supplied with 25 A of DC current from an external
power supply (Digimess, SM3040) using the electrical feedthroughs. The
three filaments were wired in parallel, with each sharing 1/3" of the 25 A
current at a common applied voltage of ~10 V. The arrangement allows a

uniform deposition area of ~two 1 cm? samples side-by-side.

A carburisation process may occur during diamond growth due to the
reaction of the filament surface with carbon species. This process converts
the Ta filament surface into TaC. As a result, the filament become brittle
after each diamond growth cycle and usually break during the cooling down
process. Other metals, such as Re, could be used to replace Ta because Re
will not form a carbide. However, the price of Re wire is much more
expensive compared to Ta and so is only used for special deposition

experiments where carburisation might be an issue.

All process gases used in this study except NH; gas were stored in the
gas cylinder cabinet in the Gas Room. NHj gas (Sigma-Aldrich, Anhydrous -
lecture bottle, 99.99%) was stored in a lecture bottle and attached next to
the HF-CVD reactor. H; gas (Air Liquide, CP grade, 99.995%), CH,4 gas (BOC,
Research grade, 99.99%) and N, gas (BOC, OFN, CP grade, 99.99%) were
transported using stainless gas lines from the gas cylinders in the Gas Room
into the HF-CVD reactor. The flow rate of the gases was controlled by
individual mass flow controllers, MFC (Tylan, FC260). MFC1 (see Figure 2.1)
was calibrated with H; gas while MFC2 and MFC3 were calibrated using N,
gas. These were operated via an MFC control box which allowed the flow
rate of each gas (in standard cubic cm per minute, sccm) to be

automatically controlled and monitored.
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2.2.1 Standard Diamond Growth Condition

Diamond films were grown in a hydrogen rich environment with a
small amount of CH4 gas and/or dopant precursors such as N; or NH;
present. Table 2.1 shows the standard gases used in this study with their
respective mass flow controller (MFC) offset, gas correction factor, gas
volume recorded on the MFC controller in standard cubic centimetre per

minute (sccm) and percentage of each gas relative to the H; atmosphere.

Table 2.1: Standard gases used for growing diamond films with their respective MFC offset, gas
correction factor, gas volume shown on the MFC controller and the percentage of the gases

relative to the H, atmosphere.

Gases MFC offset Gas Correction Gas volume (on Percentage relative

Factor MFC controller)  to H; atmosphere
H, -6.00 1.00 200.00 -
CHy4 -0.34 0.72* 2.00 0.82%
N> -0.17 1.00 0.75 0.45%
NH3 -0.17 0.74* 0.75 0.33%

*relative to the N, gas

A silicon wafer (100) (Si Mat, B-doped, 1-30 ohm, one -side polished)
was used as the main substrate in this study. These were then cleaved into
substrates about 1 cm? in size. Before CVD, the substrates were manually
abraded with 1-3 pm diamond powder (Diadust) in order to scratch the
surface and to seed it with diamond particles. The substrate was then
placed into the reaction chamber. The HFCVD system was pumped down to
a base pressure of 1.8 x 102 torr. Prior to the growth process, the sample
stage was heated up resistively using the coil for 15 to 20 minutes to
~400°C. Next, for standard growth of MCD films, 0.82% of CH4/H; gases
were passed into the chamber. The pressure of the reaction chamber was
set at 20 torr. The filament power supply was set to 25 A. From previous

calibration using a 2-colour pyrometer the temperature of the filament at
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the current was known to be between 2100 K to 2300 K. These conditions

resulted in a growth rate of ~0.5 pm h™" of MCD film.

2.3 Laser Raman Spectroscopy

The laser Raman spectrometer depicted in Figure 2.3 (Renishaw 2000)
was used in this study. The instrument consists of three types of laser with
different excitation wavelengths; 325 nm (UV, He:Cd), 514 nm (Green, Ar")
and 785 nm (IR, diode laser).

Figure 2.3: Laser Raman Spectroscopy instrument in Diamond Laboratory, School of Chemistry,

University of Bristol

When monochromatic light illuminates a solid material, it scatters.
When this scattered light is passed through a spectrometer, a series of
emission lines are detected [1]. The highest intensity line observed is due
to Rayleigh scattering, and this elastic scattering scattered in all directions
observed at the same wavenumber as the light source excitation. Rayleigh

scattering is usually removed using a filter. Raman scattering is light
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scattered inelastically by the atoms/molecules, and is also generated but
at much smaller intensity compared to Rayleigh scattering. This Raman
effect gives information regarding the vibrational energy levels, rotational
energy levels and phonon behaviour of the structure of interest. Raman
scattering creates emission lines on both sides of the Rayleigh line,
symmetrically. The lines on the lower frequency side are called Stokes
shifted and have high intensity. While, the lines observed at higher
frequency side are called anti-Stokes shifted and have lower intensity. All
of the spectrum lines observed using Raman spectrometry are generated
from the Stokes line, and result in some of the laser energy being absorbed

by the diamond into particular phonons.

A
A A Virtual energy states
Vibrational energy states
A 4 A 4 ]
Stokes Rayleigh Anti-Stokes Infrared
Raman scattering Raman absorption
scattering scattering

Figure 2.4: Energy level diagram showing the states involved in Raman signal.

For diamond film analysis, different excitation wavelengths of laser
were essential. UV excitation is sensitive to sp’ C (diamond) giving a strong
peak at 1332 cm™ while green excitation and IR excitation are more
favourable to sp? C peaks between 1550 cm™ to 1580 cm™ [2,3]. Diamond is
>65% transparent between 400 nm - 100 pm [4]. This transparency reduces
the scattering effect during Raman spectroscopy measurement, so the sp® C

peak detection is less sensitive. In contrast, green and IR excitation
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wavelength, are sensitive towards sp? C peak due to the higher scattering
effect on low-transparency graphite material. Thus, for determination of
the quality of the MCD films in this study, UV excitation was used to
identify the presence of small amounts of diamond in a large sp?
background while green/IR excitation was use to study sp® impurities in a

largely diamond material.

2.4 Scanning Electron Microscopy (SEM)

SEM is a powerful tool to characterise surface morphology. Figure 2.5
shows two SEM instruments at the University of Bristol. The first (JEOL JSM
5600LV) is a low resolution (100 nm) machine used for day-to-day
microscopy. The second (JEOL JSM 6330F) uses a field emission gun (FEG)
as its electron source, and is very high resolution (<10 nm) microscope used

for studying samples <100 nm in size.

Both systems work by focusing electron beam on to the sample in
vacuum, which generates secondary electrons from the surfaces. These
secondary electrons were passed through filters, and the current detected
was analysed. By rastering the beam across the sample and monitoring the
current, a real-time image of the sample surface can be seen on the

monitor.
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(a) (b)

Figure 2.5: Electron microscopes, (a) JEOL JSM 5600LV and (b) JEOL JSM 6330F in the Electron

Microscope Unit, School of Chemistry, University of Bristol.

These instruments were used to observe the morphology of CVD
diamond films, especially the type of facets produced on the diamond films
and the morphology changes with respect to the dopant concentrations.
The crystal qualities observed were compared with Raman spectra obtained

from similar samples.

All diamond samples were analysed using 13 kV external voltages with
spot size of 21 nm, working distance of 15 mm and current was maintained
at 12 pA.

2.5 Energy-dispersive X-ray Spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy is another type of analytical
technique used to investigate the elemental composition of a solid sample.
The fundamental concept in this technique is the unique atomic structure

in each element. In this study, the EDX detector was attached to SEM
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instrument. When the primary electron beam hits the sample surface, core
electrons can be knocked out of surface atoms leaving a vacancy. This
vacancy can be filled by relaxation of a higher-energy electron. The energy
difference between the two electron levels is released in the form of an X-
ray with wavelength specific to the individual element. However, due to
the material used to make the window used for the detector, this
instrument cannot detect elements with atomic number less than or equal
to three (i.e. H, He or Li). Furthermore, due to the residual air in the
chamber (even at high vacuum), it was problematic to analyse oxygen or

nitrogen contents properly.

An Oxford Instruments EDX analyser (INCAx-sight) was used in the
experiment as illustrated in Figure 2.6. The analyser was attached to the
JEOL JSM 5600LV SEM instrument. Measurements were taken immediately
after recording the morphology of the diamond films, using the parameters:
20 kV electron gun external voltage, spot size 40 nm, working distance

15 mm, and current 12 pA.
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Figure 2.6: EDX analyser attached to JEOL JSM 5600LV in the Electron Microscope Unit, School

of Chemistry, University of Bristol.

2.6 Secondary lon Mass Spectroscopy (SIMS)

Secondary ion mass spectroscopy (SIMS) was used to characterise the
diamond samples with the help of Dr. Peter Heard from the Interface
Analysis Centre (IAC), University of Bristol. SIMS utilised a beam of primary
ions (Ga") to etch the material surface, and to sputter off secondary ions
composed of fragments of the surface composition [5]. The secondary ions
were collected by a mass spectrometer and mass separated using a
magnetic field. The continuous etching process by Ga" ions creates a depth
profile analysis of the material. This analysis was crucial to identify

different layers inside the materials (metallic coating, diamond film or
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silicon) and the position of the incorporated dopant atoms inside diamond

films.

Even though qualitative analysis was the primary usage of SIMS,
certain modifications were done to obtain quantitative data. In this study,
it was essential to know the concentrations of dopant atoms. To do so, the
SIMS signal needed to be calibrated for each dopant type. A specially
commissioned SCD sample implanted with a known concentration of dopant
(Li or N) was prepared by the University of Surrey, and then used as
calibration samples for the quantitative analysis using SIMS. Detail of these
processes are discussed further in Appendix A (Li atoms) and Appendix B (N

atoms).

When using SIMS to analyse diamond films containing Li, N (and H at
the grain boundaries), the different species were detected in different
ways. The Li signal was detected as Li* with a minimum detection limit of
2.03x10"7 cm™. The N signal was detected as CN’, however, because CVD
diamond may contain hydrogen at the grain boundaries, it is possible that
some of the CN™ SIMS signal at mass 26 might be due to contributions from
C;H;. To determine the magnitude of this contribution, an N-doped CVD
diamond film was deposited onto an undoped diamond film, and the
relative signal at mass 26 compared for both layers in the SIMS depth
profile as depicted in Figure 2.7. The mass-26 signal for the undoped layer
was lower than the limit of detection for N detection at 1.15x10" cm,
while the signal for the N-doped layer was ~100 times higher. Thus, it was
relatively easy to distinguish the CN" signal from the background due to
C;H; All graphs plotted in this study were plotted after subtracting the
C,H; background signal to obtain the concentration of N atoms with an

uncertainty of ~5%.

62



1021 : T T T T T T

1020 |

Concentration / cm™

Undoped
1018 |

. 1 . 1 . 1 . 1 . 1 ,
0 100 200 300 400 500 600

Depth / nm

Figure 2.7: Depth profile analysis of an N-doped CVD diamond film that was deposited onto an
undoped diamond film. The concentration of undoped diamond film was below the detection

limit of the instrument (1.15x10" cm).

Another potential problem with using SIMS for depth profiling on
non-flat samples is that large variations in the surface roughness might
affect the sharpness of any layer boundaries. This problem is machine-
dependent: etching/depth-profiling in some SIMS instruments planarises the
initial surface morphology making the problem negligible, whereas in some
SIMS instruments, the height difference of surface features becomes
magnified as etching proceeds, severely broadening the layer profiles. To
determine if this was a problem in our SIMS, two CVD films were grown with
approximately the same thickness (3 pm) but with different morphologies.
The first was an MCD film with surface grain size (and hence approximate
r.m.s. surface roughness) of ~1 um as measured by SEM. The second was a
smoother nanocrystalline diamond (NCD) film with grain size and surface
roughness ~100 nm. Both films were grown onto a Si substrate known to
support a native-oxide layer of thickness ~100 nm. SIMS depth profiles
were performed on both samples depicted in Figure 2.8, and the full-width
half-maximum of this oxide layer was measured after etching through the

overlying diamond film. The two measured values were 98.4 nm and
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103.4 nm for the MCD and NCD film, respectively, which is the opposite of
what might be expected if surface roughness blurred layer boundaries.
Therefore, we conclude that in our SIMS system the initial surface
morphology is not a problem when measuring the sharpness of layer
boundaries and the reproducibility of the system due to SIMS mixing and

other effects is +10 nm in diamond samples.
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Figure 2.8: SIMS analysis on O at the oxide interface layer between the diamond film and silicon

substrate.

2.7 Electron Emission Analysis

Electron emission is a study whereby electrons released from the
surface of a material are captured and analysed. Electrons can be emitted
as a result of an applied high positive potential (field emission), or high
temperature (thermionic emission) or bombardment with a high energy
particle beam (secondary electron emission). All electron emission analysis

in this study were measured at Arizona State University (ASU), Tempe,
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Arizona, USA with help from Prof. Dr. Robert Nemanich, Dr. Tianyin Sun

and Mr. Franz Koeck.

2.7.1 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a technique that utilises an x-ray
source to determine the elemental species present at a surface and sub-
surface region (1 - 10 nm). This method is surface sensitive therefore any
surface contamination will affect the data interpretation. Hence, all
measurements were done in ultra-high vacuum (UHV) conditions with a
base pressure of 1x10° torr. XPS is a non-destructive test as the X-ray
source only excites the electrons in the material without changing the

chemical composition or structure of the material.

High energy X-rays produced by an X-ray source (typically a Mg Ka
source at 1256.6 eV photon energy correspond to wavelength of 0.987 nm)
supply enough energy to the core electrons in the surface atoms that the
electrons are emitted. The binding energy of the electrons in elements

was determined using Equation 2.1.

Ebinding = Lphoton — (Ekinetic + ¢) (2.1)

Evinding is the binding energy of the electron, Epnoton is the energy of
the X-ray source used, Exinetic is the kinetic energy of the electron measured
by the instrument and ¢ is the work function of the detector used. The ¢
of the detector always remains constant after the calibration process. The
binding energy is characteristic of a particular element, although slight
shifts in energy can occur due to variations in chemical bonding (e.g. sp” or
sp® C).
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XPS analysis was performed using the 1256.6 eV Mg Ka line of a VG
XR3E2 dual anode source and a VG microtech Clam Il analyser operated at a
resolution of 0.1 eV. Initially, a low resolution, wide energy range ‘survey
scan’ was performed on each sample from 0 eV to 600 eV to identify the
elements present in the sample. This was crucial because any surface
contamination was easily spotted during this scan. Next, individual element
scans were taken with a 20 eV scan window at a resolution of 0.1 eV. 20
scan accumulations were sufficient to improve the signal-to-noise ratio for
both C and O. Some metal elements required up to 60 accumulation scans
to confirm the present of the element on the diamond surface. Spectra
collected by XPS was referenced to the Fermi level of the metallic sample

holder in which were calibrated against a standard gold sample.

2.7.2 Ultraviolet Photoelectron Spectroscopy (UPS)

Ultraviolet Photoelectron Spectroscopy (UPS) initially is a technique
used to investigate the molecular-orbital energies of molecules from the
kinetic-energy spectra of the photoelectron produced [6]. The
advancement of UPS technique created an opportunity to investigate
negative electron affinity (NEA) on diamond surface [7-9]. A He discharge
lamp generated He | ions and UV light at 21.2 eV which illuminated the

sample surface.
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Figure 2.9: Example of a UPS spectrum of a diamond film.

Figure 2.9 shows an example photoelectron spectrum of diamond
film obtained from the UPS instrument. The cut-off energy on the right of
the graph is the value between the valence band maximum (VBM) of
diamond and the Fermi level, denoted as, a. The value between the He |
energy and the cut-off energy on the left of the spectrum is the work
function, ¢ of the material. Diamond can form an NEA or positive electron
affinity (PEA) surface. The affinity can be calculated using Equation 2.2

below.

x=9¢+ta—E; (2.2)

where y is the electron affinity, Egis the band gap of diamond (5.45 eV), a
is the difference between the Fermi level and valence band maximum and
@ is the work function of the material obtained from the photoelectron
spectrum. If the value of y is positive, the diamond possesses a PEA

surface, and if y is negative, the diamond has an NEA surface.
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Ey = Ec, — Evpm (2.3)

Band-offset analysis (discussed in Chapter 7) was done based on the
analysis method derived by Koide and co-workers [10]. This analysis
determines the band bending of the VBM in bulk material towards the
surface of the material. When C atoms on the diamond surface form new
bonds with surface species (i.e. H, O, Br or Li), the binding energy observed
for the C 1s core peak in XPS shifts. This shift can be calculated using
Equation 2.3. This equation was used to determine the valence band offset
(Ey) after the introduction of metal-oxygen surfaces in Chapter 7. E¢; is the
value for the C 1s core peak of the diamond sample obtained from XPS
measurements and Eypy is the valence band maximum of the diamond film

measured using UPS.

UPS spectra were obtained using He | line at 21.2 eV generated from
a He discharge lamp. The spectra were recorded by a VSW HA50
hemispherical analyser and a VSW HAC300 lens controller that operated at
a resolution of 0.1 eV. A negative bias (8 V) was applied to the substrate to
overcome the work function of the analyser. Spectra collected by UPS were
referenced to the Fermi level of the metallic sample holder, which itself
was calibrated against a standard gold sample. Two set of analyses were
done using UPS. The first analysis was a survey scan from 0 eV to 21.2 eV to
obtain the electronic structure of the sample. The scan was repeated five
times to ensure the consistency of the data. The second analysis focused on
the lower energy regime. This was important to deduce the VBM value of
the sample. Higher resolution (0.15 eV) with a slower scan rate was

employed to achieve higher accuracy during this analysis.
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2.7.3 Thermionic Emission Apparatus

Thermionic emission converts heat into electricity energy. The heat
was used to excite electron from the material into the vacuum level, later
collected by an anode (collector) that was separated from the hot cathode
by small vacuum gap (0.1 - 1.0 mm). The technique utilised the Richardson-

Dushman equation shown in Equation 2.4

] = ApT2e¥r (2.4)

where J is the current density measured by the instrument, Ag is the
Richardson constant, T is the working temperature, ¢ is the work function

of the material and k is the Boltzmann constant.

Thermionic emission measurement was done in a different
laboratory at ASU. This setup was not connected to another surface analysis
instrument via the ultra-high vacuum transfer line. Figure 2.10 illustrates
the thermionic emission apparatus used to measure the thermionic
emission properties of Li-N co-doped diamond film (Chapter 6) at ASU. The
setup consists of a UHV with base pressure 1.8 x 107 torr. The working
pressure of the chamber during the measurement was -2.0 x 10°® torr. The
sample stage inside the chamber was radiatively heated by a W coil. The
anode (collector) was a mirror-polished Mo disk which was movable in all
three spatial directions. The anode was cooled with a 20 mm copper rod
attached to the back of the anode. The electrical contact of the anode was
made through the back of the Mo disk. The current produced was measured
using Kiethley 2000 and was connected to external power supply (Mastech,
HY3003D) in series in the electrical circuit. The surface area of diamond

sample exposed to the anode was 0.50 cm?.

The sample was mounted onto a custom-made sample holder using

Ta wires, and inserted into the chamber. The sample holder and the sample
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stage were made from Mo metal. The diamond-based emitter (cathode)
was grounded through the sample stage. The distance between the anode
and cathode was fixed at 0.75 mm. Degassing was done at 120°C for 30
minutes to remove any trapped gases and moisture. Then the temperature
was increased to 330°C to begin the thermionic emission experiment. The
temperature was increased slowly and the emission current was recorded
using a Kiethley 2000 at every 10°C interval. The first set of experiments
increased the temperature to 450°C in order to clean the surface of any
gases that were adsorbed when the sample was exposed in air during the
sample transport and preparation processes. After the sample was cooled
down to approximately 250°C, the second run started and finished after
the sample temperature reached 620°C. The temperature was recorded
using a two-colour pyrometer and calibrated against the thermocouple

attached under the cathode (emitter).

(a) ' (b)

Figure 2.10: (a) Thermionic emission kit and (b) sample stage inside the thermionic emission kit
in ASU, Arizona, USA.
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2.8 Bell Jar Evaporator

A bell jar evaporator (Edwards Coating System E306A) was used to
vaporise various metals to form thin layers, either to fabricate metal

contacts or to make the metal-oxygen terminated surfaces (see Chapter 7).

Figure 2.11: Bell jar evaporator in the Diamond Laboratory, School of Chemistry, University of

Bristol.

Figure 2.11 shows the bell-jar evaporator used in this study. The
samples (oxygen-terminated boron doped diamond films) were placed ~10
cm away from the W cage or W filament. The metal of interest (Cr, Mg, Ti,
Au, etc) in the form of a wire or foil was placed inside the W cage or
wrapped around the W filament. Next, the glass bell jar was sprayed with
polymeric spray (Bell Bright) to ease the bell-jar cleaning process after the

deposition was completed. Then, the vacuum chamber was pumped down
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to a base pressure <5.0x10® torr. Once it reached the base pressure, 18 A
to 30 A current was passed through the W cage or W filament depending on
the metal that was used for the deposition process. Low melting point
metals required less current. The thickness of the metal film deposited was
monitored in situ using an Agar quartz crystal resonator. For making the
metal-oxide surface terminations, a standard 20 nm coating was used on
every set of metal deposition experiment. Once the film reached the
desired thickness, the instrument was switched off and cooled down to

room temperature.

2.9 Software

The Cambridge Serial Total Energy Package (CASTEP) software
[11,12] was used in this study to calculate the ground-state energy of the
electrons that will lead to the value of formation energy of the doped-
diamond structure, band structure and density-of-states of the diamond
and its dopant. Further analysis was described in detail in Chapter 5.
CASTEP is a DFT software packaged develop by the researchers at the
Universities of Cambridge, Durham, York and St. Andrews with
collaborations with the Rutherford Laboratory. It uses the Born-
Oppenheimer approximation to explain the nuclear and electrons
interaction and pseudopotentials for the core electrons to reduce

computational time.

Other than CASTEP, theoretians in the UK and Europe also developed
their own DFT codes that were flexible to their style and understanding.
Goss and co-workers in Newcastle, UK developed AIMPRO, while
Mainwood’s group in London used SIESTA, CASTEP and AIMPRO to predict

dopant behaviour in diamond structures [13-17].
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2.9.1 Limitations

Even though predicting electronic properties using computational
methods is easier than producing the material in laboratories, it has a few
drawbacks due to the approximations used and also the limitations of the
software in solving the Schrodinger equation. The approximations in the
theory cannot be improved much without significant cost in terms of longer
computational time. However, care needs to be taken with the limitations
of the software. For instance, most of the DFT calculations used to predict
the electronic structure of various dopants in diamond only used 64 atoms
per unit cell. If one C atom was substituted with one N atom, the doping
level of the diamond structure was calculated to be ~1.59% with the
concentration of dopant in the real diamond film would be in the range of
1.5x20*' atoms cm?. The dopant level was greatly overestimated as the
highest concentration of N atoms detected in diamond films only ranges
between 10" and 10%° atoms cm™. Thus, it is important to understand that
the result generated by the theoretical calculations are relative values and

can only be used to understand the pattern of dopants in diamond films.

CASTEP is also capable of calculate a larger unit cell, such as 215
atoms, but the computational time needed to solve the Schrodinger
equation will increase significantly. Other software has the capability to
calculate even larger unit cells, 500 - 2000 atoms, such as Order-N
Electronic Total Energy Package (ONETEP), but due to the complexity of
the operating procedure, it was not chosen for this study [18]. In addition,
due to the limitation in computational capability and time constraint, the

work here focused on using CASTEP with a 64-atom unit cell.
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Chapter 3:Lithium: A Challenging Precursor for Diamond

Doping

3.1 Introduction

Despite recent developments in doping diamond films with
phosphorus, antimony, arsenic and sulfur, the production of n-type
semiconducting diamond with useful electronic properties remains elusive
[1-10]. Nitrogen is another possible dopant, and nitrogen-doped diamond
has been successfully synthesised using hot-filament chemical vapour
deposition (HFCVD) and microwave plasma CVD (MWCVD) techniques [3,11-
16]. However, due to its high activation energy (1.7 eV), nitrogen-doped
diamond is an insulator at room temperature, and only becomes
semiconducting at high temperatures which makes it impractical for use in

most devices.

Recently, lithiated diamond surfaces were suggested as a method to
produce low-work-function materials [17-19], and theoretical studies have
predicted that interstitial lithium should act as a shallow donor [20]. The
energy to excite an electron from the lithium donor level to the conduction
band of diamond is calculated to be less than 0.3 eV [21], however this has
proved difficult to obtain experimentally, partly due to the low solubility of
Li in diamond [22]. Research has been focused on trying to force Li into
the diamond lattice by implantation [23-27], diffusion [28-30] and addition
of Li species to the gas phase during CVD [31-34]. Although Li was
incorporated inside the diamond lattice to values as high as 1x10*' cm™
[32], in all cases the Li remained electrically inactive. The proposed
explanation for this is the high mobility of Li in diamond at high
temperature, which causes diffusion and aggregation of the Li into inactive
clusters [30]. To overcome this, it has been suggested [35] that Li diffusion
can be prevented by simultaneously adding nitrogen together with Li, with
the N acting as a trap to pin down the Li in the diamond lattice and reduce

its mobility. The co-doped system will be further discussed in Chapter 4
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One problem limiting the study of Li doping is the lack of sources of Li
that are suitable for use as a precursor during diamond CVD. Ideally, to be
compatible with the CVD process, a gas-phase lithium-containing compound
would be preferable, as this could then be metered into the CVD chamber
using standard MFCs. However, although some organo-lithium compounds
exist which are gases or volatile liquids, they are nearly all extremely

expensive, hazardous and explosive [36].

The next best choice is to use a solid compound of lithium which can
vaporise at a controlled rate when placed in the high temperature CVD
environment. The compound needs to be relatively safe to handle, air
stable (so that it can be added to the chamber easily), not react with any
of the CVD process gases, and have a melting/boiling point consistent with
the substrate temperatures during CVD (850°C). Lithium metal itself is
known to be reactive and corrosive. But it forms lithium oxide when
exposed to humid air, making handling difficult. Having oxygen-containing
compounds in a HF-CVD reactor is a problem due to them vaporising, then
reacting with the hot filaments, which then oxidise and break prematurely.
This problem exists for other oxygen-containing Li compounds such as
nitrates, carbonates and sulfates. Some of these concerns are less
important if MW-CVD is used rather than HF-CVD, but it would be
preferable to find a Li precursor that was not reactor dependent
[32,34,37,38].

Other common lithium salts, such as lithium chloride and bromide,
were also taken into consideration. The chlorine-containing gases (HCL, Cl;)
and similar bromine-containing gases that may be produced as by-products
of the CVD process would not harm the filaments but they have health and

safety issues as well being corrosive to the vacuum system and pumps.

Two other potential lithium precursors are lithium carbide (Li,C) and
lithium nitride (Li3N), which can be purchased commercially as powders
from chemical suppliers. Li;C has a lower melting point (~550°C) [39]
compared to LisN (~850°C) [40]. Both compounds will melt during the

standard diamond growth procedure, and then vaporise slowly and
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uniformly at a rate dependent upon the temperature. LisN was chosen as
the precursor because its higher melting point gave it a lower vapour
pressure at the growth temperature, slowing its vaporisation rate, and
preventing the precursor evaporating away too rapidly. Furthermore,
because the eventual aim of the project was to co-dope the diamond with
Li and N, having N present in the Li precursor was not a problem - in fact,

it may actually help with the co-doping process.

3.2 Experimental

LisN is a flammable compound which is moisture sensitive. Extra
precautions were taken to ensure the safe use of this material. First, to
minimise risk, only small amounts (<10 mg) of LisN were used in each set of
experiments. In order to introduce Li3N inside the HF-CVD chamber, it is
essential to have it in a form that is compact and controllable, ideally in
solution form. However, LisN does not dissolve readily in water or any
common organic solvent. Indeed, it spontaneously reacts with water to
form lithium hydroxide and ammonia gas. To solve this, LizN was introduced
into the chamber by preparing LisN powder as a suspension in an organic

liquid which could then be drop-cast onto the substrate using a pipette.

3.2.1 Organic liquid selection

A stable suspension is essential to ensure that the LisN formed a
uniform, repeatable layer when drop-cast onto a surface. As such, the
liquid medium plays an important role to prolong the stability of the
suspension. Thus, to investigate the effect of the liquid on the stability of
the Li3N suspension, trials were carried out using the liquids listed in Table
3.1.
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Table 3.1: List of liquids and their density at 20°C.

Liquids Chemical Formula Density at 20°C /(g ml™")
Hexane CeH14 0.65
Heptane C/Hqe 0.68
Acetone C3HgO 0.79
Methanol CH3;0OH 0.79
Cyclohexane CeH12 0.78
Toluene CeHs(CH3) 0.87
Paraffin oil n-alkane 0.80
Chloroform CHCL;5 1.48

All liquids used in the experiment were dried using a molecular sieve
to remove all traces of water for a week prior to the experiment. 5 mg of
LisN powdered crystals (CERAC, 99.5% purity, <250 um) was used for this
experiments. The compound consists of small crystallites in a powder form.
Initially, trials were done to grind this powder further in a mortar and
pestle to reduce the grain size. However, this appeared to make no
difference to the stability of the subsequent suspension and therefore all
further experiments used the compound straight from the bottle with no

further processing.

The LisN powder was mixed with 5 ml of the liquid under test in a 10
ml glass vial. The mixture was sonicated in an ultrasonic bath for an hour to
produce an opaque black/maroon suspension. A drop of this freshly
prepared suspension was drop-cast on a microscope slide, allowed to dry,
and observed under an optical microscope to see the size and uniformity of
coverage of the crystallites. The remaining suspension was set aside for a
day. Each day, the suspension was sonicated for five minutes, and a drop
from the suspension was again drop-cast on a microscope slide and
observed as before. Any changes due to oxidation or other reactions were
recorded. Similar procedures were repeated for the other liquids in Table
3.1.
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Figure 3.1: (a) Li3N suspension in hexane solution and (b) optical micrograph of LizN crystals

obtained from the Li;N suspension in (a).

Figure 3.1(a) shows a freshly prepared Li;N suspension in hexane
solution, and in (b) its crystals observed under an optical microscope after
evaporation of the hexane in air. After an hour of sonication, a
black/maroon colour suspension was successfully prepared. Under the
optical microscope, the Li3;N crystals could be recognised easily based on
their maroon/black colour as shown in Figure 3.1(b). The time taken for
vaporisation of the liquid varied, depending on the liquid used for creating
the stabilised suspension. The size of the particles ranges from 1 pm to 20
um. The particles distributed uniformly but the crystallites separate on

average of 30 pm.

The LisN crystallites oxidised/hydrolised when exposed to humid air
or to water dissolved in the liquid, which was undesirable. Figure 3.2
shows an example of an oxidised Li;N crystal. The crystal was taken from a
LisN suspension in hexane solution after 48 hours. From the micrograph,
only a small fraction of maroon/dark areas were observed in the crystals.
These are the remaining unreacted/non-oxidised Li3N crystals. The larger
clear areas surrounding the dark crystals were consistent with them being
lithium oxide (Li,0) or lithium hydroxide (LiOH).
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We required the LisN to be stable in a chosen solution for several
days, without oxidising/hydrolising, and therefore stability tests were

performed with various liquids and the results are given in Section 3.3.1.

Figure 3.2: Micrograph of LisN suspension in hexane solution after 48 hours showing clear
crystallites of Li,O or LiOH.

3.2.2 Polymer stabilisation

Polymer addition often leads to prolonging the stability of
suspensions [41]. Two polymers (polyoxyethylene oleyl ether (polyoxy) and
Polysorbate-20) were chosen as suitable candidates to investigate for this
purpose. Both of the polymers are non-toxic and are soluble in water, but
contain a number of hydroxyl groups capable of bonding to the Li3N
crystallites, protecting them from oxidation and from coalescing with other
crystals. Polysorbate-20 (Figure 3.3) is a polyoxyethylene ether derived
from sorbitan monolaurate. It contains a carbonyl group, multiple branches
of ethyl ether groups and three hydroxyl groups. In contrast, polyoxy only
has one hydroxyl group, with straight-chain ethyl ether groups attached to
the alkyl chain. In short, Polysorbate-20 can be described as a multiply
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branched polymer while polyoxy can be classified as a straight-chain
polymer.

a+b+c+d=20

(b)

Figure 3.3: Skeleton structure of (a) Polyoxy and (b) Polysorbate-20.

To introduce the polymer, 1% v/v of Polysorbate-20 in chloroform
was prepared by adding 50 pl of Polysorbate-20 in 5 ml of chloroform in a
glass vial. The mixture was sonicated for 5 minutes in an ultrasonic bath.
50 mg of Li3N was added into the solution and sonicated for a further hour
to ensure a uniform dispersion of the Li3N crystals. The same procedures
were repeated to prepare 1% w/v of polyoxy in chloroform. Both solutions

were set aside and observed for any changes.
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(a) (b)

Figure 3.4: (a) 1% w/v Polyoxy in chloroform and (b) Li;N suspension in 1% w/v Polyoxy in

chloroform.

Figure 3.4 shows the solution of (a) 1% w/v polyoxy in chloroform
and (b) LisN suspension in 1% w/v polyoxy in chloroform. Both polymers
dissolve completely in chloroform and create a black/maroon coloured LisN

suspension similar to the suspension prepared without the polymer.

The experiment was also repeated with toluene as the solvent
replacing chloroform to confirm that chloroform is the best solvent to

stabilise LisN suspension after the addition of polymer into the solution.

3.2.3 Melting Process under Growth Conditions

After creating a stable LisN suspension, the next stage was to check
whether the LisN crystals melted during CVD in the reactor. If the Li;N did
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not melt, diffusion of lithium into the diamond lattice would be limited or
not occur at all. In addition, unmelted Li3;N crystals would create a rough

surface hindering the growth of the next layer of diamond.

200 pl of Li3N suspension in 1% polyoxy in chloroform were dropped
onto a silicon (100) substrate and placed into the hot filament reactor. The
melting procedure was similar to standard diamond growth condition (see
Section 2.2.1) except only using hydrogen gas. The substrate heater and
filament were turned on, and the substrate temperature rose to -850 C.
The sample was heated in hydrogen (20 torr) in this manner for one hour
and then cooled down to room temperature. The experiment was repeated
with 100 pl of the same suspension. The results of these experiments are

given in Section 3.3.3.

3.2.4 Preparation of lithium-doped diamond films

Lithium-doped diamond films were grown in a HFCVD system in the
Diamond laboratory at the University of Bristol. Single-crystal silicon wafers
(100) were used as the substrate and manually abrated as described in
Section 2.2. Diamond was deposited in a HF reactor using standard CVD
conditions with the distance between the substrate and the tantalum
filaments (99.9%, 0.25 mm diameter) fixed at 3 mm. Undoped diamond was
deposited using a standard ratio of 0.82% CH4 in H,. The pressure of the
chamber was set at 20 torr while the filament temperature was measured
using 2-coloured optical pyrometer and maintained between 2100 and
2250 K with 25.0 A passing through the filaments. These conditions

fabricated faceted microcrystalline diamond at a rate of ~0.5 pm h™".

100 pl of LisN polymer-stabilised suspension were drop cast onto the
surface of a freshly prepared undoped diamond film that had been grown in
the same reactor. The sample was then placed back inside the HF-CVD
chamber. The film was heated using the substrate heater and filament in a

hydrogen atmosphere for 1 hour at 20 torr. The filament temperature was
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maintained at 2100 K and monitored using an optical pyrometer. This was
to ensure the Li;N melted completely and began the diffusion process into
the underlying diamond layer. A colour change was observed during the
melting process of Li;N. The film began with a dark surface; once exposed
to atomic hydrogen it started changing into a white surface almost
instantaneously may due to the conversion of LisN to LiH in H-rich
atmosphere. Then, it slowly changed back to a darker surface indicating
melting process had begun. The time taken to observe the second colour
change varied from 10 to 20 minutes. The remaining exposure time was
done to ensure sufficient time for the diffusion process of lithium atoms
into the diamond layer. After an hour of hydrogen treatment, CH; was
added to the process gas in order to recommence diamond growth to fully
encapsulate the lithium layer. The layer was grown for an hour. The
prepared diamond film was cooled down to room temperature and further

analysis was carried out using laser Raman spectrometry and SIMS.

3.2.5 Determination of lithium content using SIMS

The concentration of dopants was characterised using SIMS in the
Interface Analysis Centre, University of Bristol. For SIMS, the Li signal was
detected as Li" while the nitrogen signal was detected as CN". The absolute
concentrations of N and Li in the diamond were quantified using exemplar
single-crystal diamond samples previously implanted with known

concentrations of Li and N for use as SIMS calibration (see appendix A).

From the calibration report in Appendix A, the calibration factor was

calculated:

Li(cps)
C(cps)

x 1.80 x 10'° = Concentration/cm3
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Based on the calibration experiment, the limit of detection of lithium
atoms in diamond using SIMS was 2.03x10"” atoms/cm®. In addition, SIMS
was also able to produce a depth-profile analysis. The combination of
qualitative and quantitative analysis identified which elements are present
and also how many atoms were successfully incorporated. Furthermore,
SIMS was used to obtain the diffusion profile of the dopant at a certain
depth. It determined whether the diffusion of the dopant followed a

Gaussian profile or a constant doping level throughout the diamond film.

3.3 Results and Discussion

3.3.1 Effect of liquids on suspension stability

A series of liquids were tested in order to create stable LisN
suspensions (see Section 3.2.1) and the observations are tabulated in Table
3.2.

Table 3.2: Observations after the addition of Li;N into the liquids followed by ultrasonication.

Chemical Addition of Li3N crystals Stability of LisN in

Liquids
formula into the liquids the suspension
Acetone C3HgO Instantly dissolved -
Methanol CHs;OH Instantly dissolved -
Hexane CeHis Black suspension formed < 24 hours
Heptane CsH1e Black suspension formed < 12 hours
Cyclohexane CeH12 Black suspension formed < 12 hours
Toluene CeHs(CH3) Black suspension formed < 48 hours
Paraffin oil n-alkane Did not mix well -
Chloroform CHCL; Black suspension formed < 72 hours

For all the suspensions prepared eventually sedimentation and

coalescence occurred. The stability shown in Table 3.2 refers to elapsed
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time after which most of the LisN crystals completely sedimented from the
suspension and the liquid reverted back to colourless, i.e. that of the pure
liquid.

LisN crystals dissolved completely in both acetone and methanol
after an hour of ultrasonication. As LisN should not be able to dissolve in
any common organic solvent, certain reactions were occurring during the
ultrasonication process. Figure 3.5 shows optical micrographs of LisN
crystals in (a) acetone and (b) methanol. Clear crystals were observed from
both solvents which indicated reaction of Li3N to form LiOH. High water
solubility in both solvents may have caused this as during the
ultrasonication treatment, water vapour in air could be trapped and
dissolved into the liquid. This led to the formation of LiOH.

Figure 3.5: Optical micrographs of Li3N crystals in (a) acetone solution and (b) methanol solution

after ultrasonication.

For hexane, toluene and chloroform, it was observed that the more
polar the molecule, the longer the stability of the Li;N suspension. By
increasing the polarity of the liquid, the stability of the LisN suspension
increased from 24 hours to 72 hours. The reason for this may be that the
stability of a suspension increases if the individual particles are prevented
from colliding and coalescing. The LisN particles are slightly charged, and

in a non-polar liquid they can overcome this small repulsive barrier (zeta
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potential charge) relatively easily, leading to a rapid increase in the
particle size and ultimately sedimentation. Conversely, in a polar liquid,
the liquid molecules can orient themselves so that the part of the molecule
with the opposite charge to the LisN faces the particles. Thus, the
particles are surrounded in a protective layer of liquid molecules, which

prevent the particles colliding and coalescing.

After these experiments, it was decided that chloroform was the
best liquid from which to make the suspension, as this could remain stable

for nearly 3 days.

3.3.2 Effect of Polymer addition

From the experiments described in section 3.2.2, we found that
addition of a polymer successfully enhanced the stability of the
LisN/chloroform suspension from 72 hours up to 120 hours. Some evidence
of coalescence and sedimentation after Day-3 was seen, but the rate was
much slower compared with the suspension prepared without the addition
of the polymer. Apart from being polar, the polymer also increased the
density of the solution. By having a denser solution with higher polarity, it
further reduced the coalescence process that led to sedimentation of the

LisN crystals.

The Polysorbate-20 suspension showed better stability compared to
polyoxy with stability up to 200 hours. The branched ethyl ether groups in
Polysorbate-20 were probably responsible for enhancing the stability.
Branched polymers are more flexible compared to straight-chain structures.
This fact, together with the larger dipoles from the ethyl ether functional
group in Polysorbate-20 gave it a higher tendency to entangle the Li3N
crystals better than the rigid straight-chain polyoxy structure. This
entanglement effect reduced the probability for the LisN crystals to
interact with each other. Hence, it reduced the rate of coalescence of LisN

crystals in the suspension.
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However, the steps in making the solution were crucial. An attempt
to make the solution in one step by mixing the polymer and LisN crystal
simultaneously in chloroform resulted in an unstable suspension. The
sedimentation process was completed within 12 hours after the ultra-
sonication process. This suggests that the polymer must be added into the
suspension prior to the addition of the LisN crystals to ensure the

entanglement process took place adequately.

When the experiment was repeated by replacing the chloroform with
toluene, the stability of the Li3N suspension increased compared to Li3N
suspension without the addition of the polymer. However, the suspension
started to sediment after 72 hours. Thus, it can be concluded that
chloroform was most suited to be used for the preparation of a stabilised

LisN suspension.

3.3.3 LisN melting process under Growth Conditions

Figure 3.6 shows silicon substrates coated with of 200 pl and 100 pL
of LisN after the melting process described in section 3.2.3. It is clearly
seen that 200 pl is not an ideal amount of LisN to be used for the
introduction of lithium into diamond films. The presence of a large lump of
solid can be seen on top of the silicon wafer. In contrast, a smooth surface

can be observed for the sample coated with 100 pl of Li3N.
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(a) (b)

Figure 3.6: Silicon substrate with (a) 100 pl and (b) 200 pl of LisN suspension after melting in

hydrogen and cooling down to room temperature.

Further analysis using EDX was done to determine if there was
contamination present in these samples. Figure 3.7 shows EDX analysis of
the samples coated with both 200 ul and 100 pl of Li3N, respectively. From
the analysis, both samples show the presence of tantalum on the surface of
the material. This indicates that the temperature of the filaments during
the melting process was high enough to vaporise the tantalum filaments.
The tantalum atoms then diffused into the cooler area around the substrate
and coated the sample at the same time as the lithium melted. To avoid
this contamination by Ta, the experiment was repeated using carburised

filaments (see Section 2.2).
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Figure 3.7: EDX analysis of silicon wafers coated with (a) 200 pl and (b) 100 pl of LisN after the
melting process with a new Ta filament.

Figure 3.8 illustrates the EDX analysis of a 100 pl thin layer of Li3;N
coated on top of silicon wafer after being melted using the carburised
filament. There is no evidence of tantalum on the surface of the sample,
suggesting that the TaC layer on the surface of the filament inhibited the
vaporisation of tantalum.

Full scale = 316 cps Cursor: 202675 keY

Figure 3.8: EDX analysis of a Li3;N thin layer coated on top of a silicon wafer after the melting

process using a carburised filament.

90



3.3.4 Contamination and Limitations

A few microcrystalline diamond (MCD) samples were successfully
grown using 100 pl of Li3N in 1% w/v Polyoxy in chloroform. When further
analysis was done using SIMS we discovered, surprisingly, that the control
sample (undoped diamond) apparently also contained large amounts of

lithium as illustrated in Figure 3.9.
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Figure 3.9: Depth profile as measured by SIMS of the (a) undoped diamond thin film and (b)

lithium-doped diamond thin film. The undoped film had the following layered structure,
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indicated by the dashed vertical lines, starting from the Si substrate, interface and ~0.5 pm of
undoped diamond. The lithium-doped diamond film had the following layered structure,
indicated by the dashed vertical lines, starting from the Si substrate, interface and ~0.75 pm of
lithium-doped diamond. Shown on the plot are the absolute calibrated concentrations of Li and C
intensity (used as the baseline from which the other concentrations were calculated), as a

function of depth beneath the diamond surface.

Figure 3.9 shows the depth profile measured by SIMS for both
undoped diamond and also lithium-doped diamond thin films. The interface
between the silicon wafer and the diamond thin film were determined as
the point at which the carbon signal started to decrease, because this layer
did not consist of pure diamond. At the interface, a mixture of silicon
carbide and carbon was present [42,43]. Hence, any lithium concentration
calculated at the interface and towards the silicon wafer region will be
unreliable and could not be deemed as the true concentration of lithium in
the structure due to the nature of the calibration method. The calibration
was based on the Li/C signal ratio. Changes in the carbon signal will affect
the reliability of the calculated concentrations. In addition, the calibration
was done on a diamond substrate. The concentrations calculated using the
calibrated method will be compromised if the materials analysed were
other than diamond itself. Thus, the concentration calibrated using SIMS
could only be used to determine the amount of lithium atoms inside a
diamond structure and could not be used to determine the lithium content

in any other carbon compounds.

Based on Figure 3.9, it is clear that the Li preferred to diffuse
towards and into the Si substrate rather than upwards into the diamond
film. This is probably due to the higher diffusion rate of Li in Si and SiC
(which is present at the interface) than diamond. This is a problem for
doping experiments, as a large, uncontrolled and unknown percentage of
the Li is lost into the Si and does not go into the diamond. For this reason,
in all subsequent experiments, a thin (1-2 pm) diamond layer was deposited

onto a Si wafer before Li doping experiments were performed.

A surprising result from Figure 3.9 (a), was that the undoped

diamond film showed a high content of lithium just before the interface
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between the diamond film and silicon wafer, when there should have been
no Li present in this sample. Indeed, 7x10'® atoms of lithium per cm? were
detected near the interface and started to diffuse ~110 nm towards the

diamond film.

Further investigation was done in order to track down and
understand the mysterious lithium SIMS signal in the supposedly undoped
diamond film. Throughout the sample preparation process, the source of
lithium (LisN) was always kept far away from the sample to avoid any cross-
contamination. Different tweezers and sample vials were used to reduce
the probability of cross-contamination but the results remained unchanged.
Thus, we deduced that the contamination must occur during the sample

preparation itself.

To unveil the introduction of the mysterious lithium, SIMS was used
as the primary tool for characterisation. At every step of the process, the
sample was taken and analysed using SIMS to detect the first appearance of
lithium with the sample. Surprisingly, lithium was found at the very
beginning of the sample-cleaning process. It is a common practice in the
laboratory to wipe any received silicon wafers with methanol using
methanol-soaked cotton buds to remove any unnecessary organic moieties
such as fingerprints. After lengthy investigation it was determined that the
source of the Li was the cotton buds, which are composed of cellulose
fibres. These are processed in the factory using a LiCl solution [44-46].
Having discovered this unlikely source of Li contamination, it was easy to
eliminate it by simply not using cotton buds in subsequent sample cleaning,

and instead use cellulose-free lens-cleaning tissues.

3.4 Conclusions

LisN suspension was successfully prepared in 1% w/v polyoxy in
chloroform. The black suspension remained stable for more than 120 hours

before showing any sign of coalescence and sedimentation. Chloroform was
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chosen as the liquid medium due to its high polarity which is believed to
help prevent particle coalescence. Addition of the polymer also increased
stability time, and branched polymers such as Polysorbate-20 were able to
wrap around the particles more efficiently than straight-chained polymers,
further preventing particle coalescence. Only a limited number of liquids
were tested, along with only two polymers, due to time limitations. This
means there is a great deal of scope for future optimisation of both the

liquid used to make the suspension, and the choice of stabilising polymer.

LisN suspension was drop-cast onto the diamond film surface and
heated in hydrogen using a Ta filament (which had been pre-carburised to
prevent Ta contamination). This caused the Li;N crystallites to melt and Li
to diffuse into the diamond lattice. 100 pl of LisN suspension was

determined to be an appropriate amount for substrates of size 1 cm?.

A 1 - 2 pym barrier layer of CVD diamond was found to be necessary
before the introduction of LisN suspension to prevent the Li reaching the Si
substrate. This is important as SIMS has difficulty quantifying the lithium
content at the diamond/Si interface, and because Si acts as a sink for Li

and would readily absorbs much of the Li from the diamond.

Finally, it is important to avoid using cotton buds or any other
cellulose material to clean any apparatus involved in lithium based
experiments. A considerable amount of lithium could be detected on a Si
wafer after simply wiping it with a wet cotton bud. To avoid this in
subsequent experiments, all the apparatus used were cleaned using lens
cleaning tissues to lower the probability of cross-contamination from

lithium compounds that exist in commercial cellulose products.
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Chapter 4:Incorporation of Li & N in CVD Diamond Films

4.1 Introduction

Li-doped diamond films are believed to be the key to create n-type
semiconducting diamond with low resistivity at room temperature (see
previous Chapter). However, the high mobility of lithium atoms in diamond
at the CVD growth temperature leads to cluster formation that hinders the
shallow donor properties [1-3]. In addition, theoretical studies suggest Li
atoms are situated either in interstitial positions or substitutional positions
[4,5]. Both positions exhibit different properties. Li atoms situated at
interstitial positions will behave as shallow n-type donors while Li atoms in
substitutional positions act as deep acceptors [6]. Having both acceptors
and donors in a diamond system will cause them to compensate each other,
and this will not enhance the n-type properties in diamond films [2].
Therefore, it seems that Li doping performed by diffusion, implantation
and/or addition during growth processes, will always lead to compensating

defects, and therefore to uncontrolled and unreliable doping.

However, recent developments in computational models suggest that
substitutional Li can become more favourable if there are vacancies or
other atoms nearby in the diamond lattice that will spontaneously pin Li
into the substitutional position [6]. Nitrogen atoms have been suggested as
the possible way to do this, with the N atoms acting as traps to pin lithium
atoms that would otherwise be mobile during the growth process. In such a
system, the electrons from the pinned interstitial Li are transferred
through a substitutional N atom directly into the diamond lattice. It is
suggested [7] that if a suitable co-doping process can create defect sites
with a 1:1 ratio of Li:N, this could produce n-type semiconducting diamond
with a shallow donor level and high electron mobility. More recent
theoretical work has suggested that shallow donor states may be also
created using LiN4 clusters [8], requiring a 1:4 ratio of Li:N in the diamond
lattice. However, no experimental work has yet been reported to test

these hypotheses.
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Even though N-doping studies grown with various precursors are well
established in the literature [9-19], a comprehensive study was done in the
Bristol Diamond Laboratory to ensure the quality of N-doped diamond films
grown was optimised and comparable with those in the literature. The aim
of the N incorporation studies was to choose the best N precursor to
incorporate high concentrations of N atoms (~10?° atoms/cm™) in diamond
films without jeopardising the crystal quality and morphology. It is
important to have a higher number of N atoms inside the diamond crystal
prior to the addition of Li atoms into the films. This will ensure the Li

trapping process occurs before the Li starts to aggregate and form clusters.

Two types of substrate were used for the diamond growth in this
chapter, either 1 cm? single-crystal Si wafers (100) which were pre-treated
by a manual abrasion technique using 1-3 pum diamond particles, or high-
pressure high-temperature (HPHT) single-crystal diamond (2.5x2.5 mm?)
type 1b (100) (purchased from Element Six, Ltd.).

The optimised Li precursor (a suspension of LizN powder in 1% w/v
polyoxy in chloroform) was used as described in Chapter 3. All precautions
regarding the limitation of SIMS, contamination by Ta due to the use of a
non-carburised filament, and Li compounds found in cotton buds discussed
in Chapter 3 were taken into consideration when investigating the Li-N co-

doped system.

4.2 Experimental

HFCVD was used to grow MCD diamond films using standard growth
conditions described in Section 2.2. Laser Raman Spectrometry in the
Diamond Laboratory was used to characterise the quality of the films. SEM
in the Electron Microscopy Unit in School of Chemistry was used to analyse
the morphology and thickness of the diamond films. A SIMS instrument that

was based in the Interface Analysis Centre, University of Bristol, was used
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to determine the amount of Li and N atoms incorporated in the diamond

films.

4.2.1 N-doped CVD Diamond Deposition with Different Nitrogen Precursors

Three types of nitrogen precursors were used in this study. Two of
the precursors were in the gas state; nitrogen gas and ammonia gas, while

the third precursor was white solid crystals, hexamethylenetetramine.

4.2.1.1 Nitrogen Gas

Nitrogen gas was introduced into the system using a separate mass
flow controller, and was then mixed with the methane and hydrogen
process gases in the manifold before entering the CVD chamber. The
amount of nitrogen gas introduced into the system varied from 0.32% -
1.04% with respect to H; flow. The film morphology, quality and
concentration of dopants were characterised using SEM, laser Raman

spectrometry and SIMS.

4.2.1.2 Hexamethylenetetramine (HMT)

HMT (Sigma-Aldrich, ACS Reagent, >99% purity) was chose as N-
containing precursor due to its adamantane structure that consists of C-N
bonds as depicted in Figure 4.1. It was thought that having pseudo-
tetrahedral C-N bonds already present within the molecule might improve
the N incorporation process because of the similarity with the diamond

structure.
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Figure 4.1: Skeletal structure of HMT.

HMT exists as white crystals at room temperature and pressure. The

common properties of this compound are tabulated in Table 4.1.

Table 4.1: Common properties of HMT crystals.

Boiling point Sublimation at 280°C (in vacuum)
Vapour pressure <0.01 mmHg (20°C)

Hazards Highly flammable

Solubility Water & polar organic solvents
Appearance White crystalline solid

To prepare HMT solution, 0.58 mg of HMT crystals were dissolved in
5 ml of chloroform. Next, the mixture was sonicated for 30 minutes in an
ultrasonic bath which resulted in a colourless solution of HMT of

concentration ~0.83 M.

As discussed in Section 3.3.4, CVD diamond films were grown in
layers, with the doping varied between layers to see the effects of
diffusion. To protect the Si substrate and to give a controlled starting
surface, an initial layer of undoped/N-doped diamond (0.56% N, gas) was
grown for six hours in the HF-CVD reactor. Then, 50 pl of the HMT solution
were drop-cast on top of the freshly grown diamond film. When the solvent
evaporated, this resulted in white uniform layer of HMT lying on the
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surface of the diamond. SEM analysis showed that the average distance
between the HMT crystals was 1-3 ym. Then, a diamond capping layer was
grown on top of the HMT layer to ensure the HMT was encapsulated inside
the diamond film. The capping layer was either an undoped diamond film
or an N-doped diamond film (grown with the presence of N; gas), for one
hour in the HFCVD chamber, resulting in a layer ~0.5 pm thick. The film
morphology, quality and concentration of dopants were characterised using

SEM, laser Raman spectrometry and SIMS.

4.2.1.3 Ammonia Gas

Ammonia gas was introduced into the HFCVD system using the same
gas line used by the nitrogen gas, with the amount varying from 0.19% to
1.24% with respect to H,. Due to the corrosive nature of NH3 gas, bellow
valves were used to avoid leakage from the seal and the vacuum pump was
purged with air every week for 10 to 15 minutes to extend the life-time of
the vacuum oil. The standard growth procedure of growing CVD diamond
films was used as discussed in Section 2.2. The film morphology, quality
and concentration of dopants were characterised using SEM, laser Raman

spectrometry and SIMS.

4.2.2 Addition of Li3N into Diamond Films

To incorporate Li into the diamond film, the Li3N suspension
prepared in Chapter 3 was drop-cast onto the surface of the diamond,
heated in the HF reactor to cause the Li to diffuse into the layer below,
and then embedded within the diamond using a CVD capping layer, as

described in detail in Section 3.2.4.
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4.2.3 Determination of Nitrogen and Lithium Content in Diamond Films

In SIMS the Li signal was detected as Li* while the nitrogen signal was
detected as CN'. The absolute concentrations of N and Li in the diamond
were quantified using exemplar single-crystal diamond samples previously
implanted with known concentrations of Li and N for use as SIMS calibration
as discussed in section 3.4.2, Appendix A and Appendix B. The calibration
parameter for Li was discussed in Section 3.2.5 and the N calibration

parameter was calculated as:

N(cps)
C(cps)

x 3.40 x 10%% = Concentration/cm?3

The minimum detection limits for Li and N in the instrument were

2.03x10" cm™ and 1.15x10" cm3, respectively.

4.2.4 Two-Point Probe Measurement

Electrical resistance measurements were performed using a two-point
probe method. All samples underwent ozone treatment to change the
hydrogen-terminated surface of the as-grown diamond to an oxygen-
terminated surface in order to eliminate any possible surface conductivity
[18]. Two 1x1 mm? silver contacts were evaporated on top of the diamond
film at the diagonal corners of each sample allowing the bulk electrical

resistance to be measured.
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4.3 Results and Discussion

4.3.1 N-doped Diamond

N-doped diamond was successfully prepared using HFCVD and
appeared as a grey film, similar to standard undoped MCD thin films. This
section discusses the studies of different N precursors introduced into the
reactor to obtain the best growth condition with the highest amount of N
atoms incorporated into the diamond films without jeopardising the crystal

and structure quality of the diamond.

4.3.1.1 Nitrogen gas

Figure 4.2 illustrates the morphology of N-doped diamond thin films
grown on Si wafers using N; gas as the N precursor (Section 4.2.1.1). The
amount of N; gas introduced into the hydrogen atmosphere varied from
0.32% to 1.04% N2/H;. When 0.56% N,/H; was introduced into the gas phase,
the diamond crystal grains observed (1.02 pm) were bigger than when
0.32% N;/H; was introduced (0.63 pm). The increase in grain size and
growth rate with N, addition have also been reported by previous workers
[10,15,18]. It is believed that the HCN species produced during the addition
of N, gas help the rearrangement of carbon atoms on the surface and the
abstraction of H atoms to create more readily available sites for the
formation of C-C bonds on the diamond surface [15]. This process increases
the growth rate and quality of the diamond films produced up to a certain
N, concentration. When higher amounts of N, gas were introduced (0.80%
N2/H;) the diamond did not form a continuous film. This was due to
scavenging of the C to form stable CN radicals in the gas phase. [14]. With
a lower concentration of methyl radicals in the system, the growth rate of
diamond films was reduced [20]. When still higher N, amounts were
introduced (1.04%) into the gas phase, the film became more discontinuous

and the average grain size reduced to ~400 nm. A small nhumber of larger
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grains (Um sized) could be observed. This was due to the diamond growth
rate decreasing so much that the growth of new crystallites was now
determined by the efficiency of nucleation. Pre-existing diamond

crystallites would grow much faster than new one could nucleate, leading

to growth of isolated crystals rather than a continuous close-packed film.

Figure 4.2: SEM micrographs of N-doped diamond grown on Si wafers with (a) 0.32%, (b) 0.56%,
(c) 0.80% and (d) 1.04 N, w.r.t H,.
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Figure 4.3 shows the Raman spectra obtained using a He-Cd laser as
the excitation source for N-doped diamond films grown on Si wafers with
different gas-phase N, concentrations. The spectra were normalised to the
1332 cm™ peak for easier evaluation of the changes of the sp? graphitic
peak at 1580 cm'. There were no changes on the width of diamond peak at
1332 cm™ for all samples, suggesting there was no significant change in
phonon-lifetime [21-23]. Diamond film grown with 0.32% N, gas showed the
largest sp? graphitic peak. This suggested that the film had a higher amount
of sp? carbon at the grain boundaries if compared to other films prepared
in richer N, atmospheres. These results were consistent with those reported
by others; when more N, gas is introduced into the gas phase, the quality of
the film increased [15,18].

—
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Figure 4.3: Raman spectra (325 nm He-Cd laser excitation) of N-doped diamond films grown on
Si wafers with (a) 0.32%, (b) 0.56%, (c) 0.80% and (d) 1.04% of nitrogen gas w.r.t. H,. The

spectrum was normalised to the 1332 cm™ peak.

Based on results obtained from SEM and laser Raman spectroscopy,
the sample grown with 0.56% N, gas introduced into the gas phase was

choose as the optimum N-doped diamond film. The sample showed high
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quality and a uniform diamond coating. This sample was characterised
using SIMS to determine the amount of N atoms that were successfully
incorporated into the film. The result is discussed in Section 4.3.1.4
together with other N-doped diamond films grown with different N

precursors.

4.3.1.2 HMT

Figure 4.4 shows the morphology of N-doped diamond films grown
using HMT as the N precursor. Figure 4.4(a) depicts the film grown with the
HMT layer sandwiched between two undoped diamond layers, while Figure
4.4(b) shows the film grown with HMT sandwiched between two N-doped
layers (0.56% N;). SEM images from other samples described in Section

4.2.1.2 can be seen in Appendix C.

Both samples illustrated in Figure 4.4 exhibit (100) facets. Normally,
undoped diamond grown using HFCVD produce random facets [24-27] but
after the introduction of HMT, (100) facets started to appear as shown in
Figure 4.4(a). Interestingly, when HMT was introduced, the morphology
changed drastically compared to the morphology depicted in Figure 4.2(b).
Most of the (111) facets observed on the N-doped diamond film disappeared
and were replaced by (100) facets. Theoretical calculations suggested that
the growth of (100) facets was possible when the temperature of the
diamond surface was reduced below 1073 K [28]. Once the (100) facets
were grown, even if the temperature of the surface rose above 1073 K, the
(100) facets will remain dominant. The addition of HMT crystals and the
melting process may reduce the temperature at the diamond surfaces and

promote the formation of (100) facets.
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Figure 4.4: SEM micrographs of diamond films grown with addition of HMT sandwiched in
between two diamond layers grown with (a) undoped diamond and (b) N-doped diamond ,with N,

gas used as the N precursor.

Laser Raman spectroscopy (Appendix D) confirmed that there were
no changes in both the diamond sp® peak and the graphitic sp? peak for the
entire range of samples grown with the addition of HMT sandwiched
between two diamond films. The presence of HMT only changed the facets
on the diamond surface and did not improve the overall quality of the
diamond films produced. The sample grown with 0.56% N, in the gas phase
was further analysed using SIMS. The effect of HMT on N atom incorporation
into diamond was investigated and the results are discussed in Section
4.3.1.4.

4.3.1.3 Ammonia gas

Figure 4.5 shows the morphology of N-doped diamond grown with
addition of NH3 gas in the standard hydrogen/methane growth conditions.
When 0.19% of NHs; w.r.t. H, was introduced, evidence of (100) facets was
clearly observed. At higher percentages (0.27% NHs;), the diamond films

changed drastically into a cauliflower-like nanodiamond structure while
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maintaining some microstructure features. The nanodiamond features was
expected due to high concentration of HCN species in the gas phase [14,16]
which enhanced the re-nucleation process. Interestingly, when even higher
amount of ammonia gas were introduced into the gas phase (0.50% NH; and
0.68% NH3), the (100) facets started to reappear. At 0.68% NHs, the average
size of the (100) grains and its amount increased if compared to when
0.50% NH; was introduced. It is believed that in richer ammonia gas
atmospheres, the concentrations of HCN species increased further, leading
to the decreasing of both concentrations of atomic H and «CH; [14]. High
concentrations of HCN molecules reduced the gas-phase temperature due
to the stability of these molecules. The substrate temperature and filament
temperature also decreased, because HCN molecules acted as a ‘heat sink’
in the HF-CVD system [14]. The dissociation processes of CH4 gas to form
+CH; were reduced due to the reduction of the filament temperature. The
dissociation processes of H, gas to form atomic H, however, were not as
affected due to the lower dissociation energy of H; gas (240 kJ/mol) [14]
compared to that of CH4 (439 kJ/mol) [29]. The higher ratio of atomic H
relative to «CH3 reduced the rate of re-nucleation process and produced a
higher quality of diamond crystals as the occurrence of re-arrangement
mechanism. This led to formation of MCD films as illustrated in Figure
4.5(c) & (d)

However, when the ratio of NH3/H; was increased still further (0.87%
NHs3), another interesting phenomenon was observed. The morphology of
the diamond films changed completely. The structure remained as MCD but
most of the facets were randomised and less (100) facets were observed. In
addition, the facets were covered with nanocrystalline diamond clusters or
step-growth features. The details can be seen clearly in the inset in Figure
4.5(e). Further increases in the NH; concentration (1.24%) led to the same
observation obtained using high concentrations of N, gas, discussed in
Section 4.3.1.1. The films started to become discontinuous and non-
uniform. This is probably due to the effects of the formation of HCN species

in the reaction chamber, as discussed previously.
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(e)

Figure 4.5: SEM micrographs of N-doped diamond grown on Si wafers with (a) 0.19%, (b) 0.27%,
(c) 0.50%, (d) 0.68%, (e) 0.87% and (f) 1.24% in NH; w.r.t H,. The inset in (e) is at higher

magnification.
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Figure 4.6 depicts the Raman spectra of N-doped diamond films
grown on Si substrates with 0.19% to 1.24% of NHs in the gas phase. The
spectra suggest that the diamond film that grew with 0.27% of NHs3 had the
highest sp? graphitic content. This is consistent with the nanostructure
features observed in the SEM micrograph in Figure 4.5(b). Typical NCD films
have higher percentage of grain boundaries compared to MCD films [30,31].
The increased sp? signal was due to the increasing number of grain
boundaries in the diamond films. When excessive amounts of ammonia are
introduced into the gas phase (1.24% NHs), there were no diamond peaks or
graphitic peaks observed in the Raman spectrum. The crystals formed could
be SiC as this is believed to be formed in the initial stages of growing CVD
diamond on Si wafer [32]. All the other N-doped diamond films grown
possessed typical MCD crystal structure with a small sp? graphitic peak
observed in their Raman spectra. Surprisingly, the sample grown with 0.87%
NH;, (Figure 4.5(e)), suggests the existence of NCD structure on the
diamond surface but it exhibit the smallest sp? graphitic peak in Figure 4.6.
These nanocrystal features may only exist on the surface and not
throughout the bulk, which explained the small graphitic peak observed in

the Raman spectrum.
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Figure 4.6: Raman spectrum (325 nm He-Cd laser excitation) of N-doped diamond grown on Si
wafers with (a) 0.19%, (b) 0.27%, (c) 0.50%, (d) 0.68%, (e) 0.87% and (f) 1.24% NH;. The spectra

were normalised to the 1332 cm™ peak.

From both Raman spectra and SEM micrographs, the diamond film
grown in 0.68% of NH; was chosen as the optimum sample. The film
morphology and crystal quality is typical of N-doped MCD films with (100)
facets as reported by others [16-18,33]. The N-doped diamond film was
further analysed with SIMS to determine the amount of N atoms

incorporated inside the material.

4.3.1.4 Determination of N Atoms in N-doped Diamond Films

Figure 4.7 shows the SIMS depth profile of N-doped diamond films
grown with various nitrogen precursors and a standard HPHT type 1b
diamond substrate purchased from Element Six Ltd. Nitrogen atoms were
successfully incorporated in all diamond samples grown using the HF-CVD
method. N-doped diamond films grown with 0.56% of N, in the gas phase
had a constant doping of N atoms throughout the film with an average
concentration of 2.84x10" N atoms/cm®, depicted in Figure 4.7(a). An
increase of N content was observed near the surface of the films. The
existence of defect structure in graphitic carbon formed at the surface
2

increased the uptake of N atoms due to higher solubility of N atoms in sp

compared to sp® carbon [34].

When HMT was used, Figure 4.7(b) clearly depicts the increase in N
atoms concentration. A maximum value of 2.09x10" N atoms/cm? was
detected using SIMS. After the introduction of HMT, an encapsulated layer
was grown using standard growth conditions without the presence of N;
gas. From the SIMS depth profile, it was confirmed that HMT alone was not
sufficient to provide constant N doping due to a reduction of N
concentration in the encapsulated diamond layer near the surface. In
contrast, when NH; was used as an N precursor an abrupt increase in the N
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atom concentration was detected using SIMS, as shown in Figure 4.7(c). An
average of 2.05x10%° N atoms/cm® was detected from SIMS depth profile.
The doping level using NH; was constant throughout the film, similar to
when using N; gas. However, 10 times the amount of N atoms were
incorporated inside diamond films grown using NH; gas compared to the
film grown using N; gas. This is because the energies available in a hot
filament system are not sufficient to efficiently dissociate the strong triple
bonds in N, gas (914kJ mol') compared to the weaker NH bonds
(414 kJ mol™) in NH; gas [14], although this is less of an effect in higher

power microwave plasma systems.

All three N-doped diamond films grown with different precursors
were compared with HPHT single crystal type Ib diamond substrates
produced by Element Six, Ltd. The general N content described by Element
Six in their HPHT diamond substrates was <200 ppm. Figure 4.7(d) shows
that the concentration of N atoms in a HPHT substrate remains constant,
with an average N concentration of 5.56x10'" atoms/cm™. This value is
slightly more than was achieved in our experiments using N, gas, but ~4
times less than achieved using NH3;. Unfortunately, the concentrations of N
atoms differ from one HPHT diamond substrate to the others. A wide range
of N atom concentration was detected from various diamond type 1b
substrates, from as low as 1.35x10" atoms/cm™? to 1.54x10%° atoms/cm™.
Therefore, we conclude that with such a wide variability in N content,

HPHT substrates cannot be used as a reliable electronic material.
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Figure 4.7: SIMS depth profile analysis of (a) N-doped diamond film grown with N, gas, (b)
N-doped diamond film with N, gas and addition of HMT, (c) N-doped diamond film (Initial layer
was grown as undoped diamond film followed by an additional layer grown with NH; gas) and (d)
single-crystal HPHT SCD type Ib substrate purchased from Element Six, Ltd. Shown on the plots
are the absolute calibrated concentrations of N, and the C intensity (used as the baseline from
which the other concentrations were calculated), as a function of depth beneath the diamond
surface.

4.3.1.5 Conclusion

From the observations on the morphology, crystal quality and N
content in the diamond films, NH3; gas was determined to be the optimal
dopant to be used for subsequent Li-N co-doping experiments. The use of
HMT resulted in homogenous and uniform (100) facets that could be utilised
in the future. However, the film had only a low concentration of N atoms

present in the diamond structure. N; gas is much less effective at producing
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N incorporation in a hot filament reactor due to the strength of the N-N

triple bond.

4.3.2 Li-N Co-Doped Diamond Films

Li-N co-doped diamond films were successfully synthesised following
the procedure described in Section 4.2.2. Laser Raman spectra taken from
the three types of diamond layer grown on Si substrates are shown in Figure
4.8. The Li-N-co-doped diamond layer exhibited a typical Raman spectrum
that was very similar to that from undoped CVD diamond films grown with
the same CH4 content. The diamond peak at 1332 cm™ and graphitic G-
band at ~1580 cm™ are present, as expected for microcrystalline films, but

no new peaks corresponding to N or Li are observed.

1 ! I ! I ! I ! I ' I
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Raman Shift / cm™

Figure 4.8 : Laser Raman spectrum (325 nm He-Cd excitation) obtained from different layers of
the microcrystalline diamond films grown on Si. (a) Undoped diamond, (b) N-doped diamond,

and (c) Li/N-co-doped diamond. The spectra have been normalised to the 1332 cm™ peak.
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Figure 4.9 shows the morphology of the microcrystalline diamond
layers before and after the addition of lithium nitride. The undoped and N-
doped diamond exhibited microcrystalline facets (Figure 4.9(a,b)), as
expected. After addition of Li3N the facets became much rougher (Figure
4.9(c,d)), suggesting new nucleation sites had been created, possibly as a
result of localised etching of the surface by Li [35]. The etching and
surface modification only occurred on the surface in a layer less than
100 nm in thickness (Figure 4.9(e)). Based on the micrographs and Raman
spectra in Figure 4.8, we suggest that the Li preferentially etches the
graphitic carbon at the grain boundaries of the diamond thin film. This
might explain the reduction of the graphitic feature at 1580 cm™ in Figure
4.8 suggesting the improvement in diamond quality was due to the etching

and re-nucleation of diamond surfaces.

Figure 4.9: SEM micrographs showing the morphology of the two types of diamond film grown on
Si substrates. (a) & (b) N-doped microcrystalline diamond. (c), (d) & (e) Li-N-co-doped diamond

with (e) showing a cross-section through the film.
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Further evidence for this theory comes from Figure 4.10, which shows
the morphology of the N-doped diamond capping layer grown on top of the
Li-N co-doped layer on a HPHT substrate. Figure 4.10(a) shows the surface
of the single-crystal HPHT diamond substrate before the diamond growth
process, with no visible defects or etch pits observed. Figure 4.10(b) shows
that after deposition of LizN followed by ~1 uym of N-doped diamond
capping layer, the diamond surfaces did not show any signs of significant
renucleation and/or new crystal formation - the new diamond layers
appear to be homoepitaxial with the HPHT substrate. There are some new
superficial discolorations visible on the surface, in the form of stripes and
lines, but these are <<1 pm in thickness and are probably due to variations
in secondary electron emission yield from non-uniform H-termination.
Raman spectra (not shown) show no sign of sp? carbon formed at new grain
boundaries, indicating the new layers remain essentially single crystal.
Similar surface effects were also observed on diamond films grown on the
other HPHT substrates. These results are consistent with the idea
mentioned above - because HPHT substrates are single crystal, there are no
grain boundaries to be etched by the Li, and so the film growth is more

uniform with no secondary nucleation.

4 um

(@)

Figure 4.10: SEM micrographs of a HPHT substrate (a) before growth and (b) after growth of a 1-
pm-thick N-doped diamond capping layer on top of a Li/N co-doped layer. The inset is at higher
maghnification. There are no obvious growth features on the surface, showing that the film was

essential homogeneous. The dark marks are believed to be artefacts of the SEM showing regions
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of lower secondary electron emission due to localized variation in H termination, and not due to

changes in surface topology.

Figure 4.11 shows the SIMS depth-profile analysis of a multilayered Li-
N-co-doped diamond thin film. The carbon signal remains constant for all
the layers and serves as the baseline from which to calculate the
concentrations of Li and N. The Li signal is centred at a depth of ~200 nm
beneath the diamond surface, with a spread of ~ 100 nm either side due to
diffusion, with a possible contribution of +20 nm due to SIMS mixing. The
maximum concentration of Li detected was 5.02x10" cm™ with a total
integrated dose of 3.73x10*' cm™ of Li was detected throughout the
diffusion region. The N signal was detected only in the first 500 nm inside
the diamond thin film, as expected. The maximum concentration of
nitrogen atoms embedded in the film was 4.42x10%° cm™ which is ~9 times
more than the Li content. This over-doping with N had been done to
ensure all that all the Li atoms inside the diamond film were adjacent to at
least one N and so were immobilised within the diamond lattice. It can be
seen that the N-doped NCD diamond that grew on the outer surface
(topmost 50 nm) still contains a considerable amount of Li, and a reduction
in N. This may due to the high solubility of Li in sp? carbon structures
compared to diamond [34], which may have displaced some of the

nitrogen.
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Figure 4.11: SIMS depth profile of a multilayered Li-N-co-doped diamond film grown on a Si
substrate. This film had the following layered structure, indicated by the dashed vertical lines,
starting from the Si substrate: ~2 pm of undoped diamond, ~0.5 pm of N-doped diamond (grown
using NH3), ~200 nm Li-N co-doped layer, ~150 nm N-doped diamond capping layer. Shown on
the plot are the absolute calibrated concentrations of (i) Li and (ii) N, and (iii) C intensity (used
as the baseline from which the other concentrations were calculated), as a function of depth
beneath the diamond surface. The horizontal line for the N concentration in an undoped
diamond region shows the lower limit of detection when the mass 26 signal is due entirely to
CyH,.

These results confirm that the Li;N diffusion process followed by
encapsulation produced a well-defined layer of diamond that contains
localised high concentrations of N and Li. However, electrical testing
showed that the 2-point resistivity of these films remained high (-15-
50 MQ) suggesting either that the Li or its associated LiN, defect centre

were electrically inactive or that it has been overcompensated by too much
N.

4.3.2.1 Multiple layers

In order to test whether it was possible to grow a diamond film with
multiple embedded Li-rich layers, a sample was grown using the standard
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procedures outlined above, but with ammonia gas acting as the nitrogen
precursor, and repeated application of the LisN followed by an embedding
layer. Figure 4.12 shows the SIMS depth profile for a film that had the

1%t addition of Li;N to form

following deposition sequence: Si substrate,
300 nm of Li-N co-doped diamond layer, 2" addition of Li3N to create
250 nm of Li-N co-doped diamond layer, 3™ addition of LisN to produce
80 nm of Li-N co-doped diamond layer, and finally 20 nm of capping layer
consisting of undoped diamond. As expected, the Li atoms are present in
three localised layers within the diamond film. The first two additions
have the same maximum Li concentration of ~1.0x10' cm™ while the final
addition has concentration up to ~6.0x10" cm™. The minimum amount of
Li detected was ~1.0x10'"® cm™ while the concentration of N atoms inside
the film during all three additions remained constant at ~1.8x10%*° cm™. The
concentration of the N dropped near the diamond surface due to the
capping layer being grown without ammonia being present. This is
essential to avoid any amine or other nitrogen derivatives terminating the
diamond surface which may affect the conductivity of the film. However,
the N:Li ratio was still 18:1, meaning that the dominant dopant of the film
was nitrogen. Interestingly, the resistance of the film did not resemble the
values obtained from typical N-doped diamond films (>200 MQ at room
temperature [19,21]), being 10-20 MQ at room temperature. This suggests
that the incorporation of lithium and nitrogen in this way may enhance the
conductivity of the film slightly but it is not yet sufficient for the film to be

used in any semiconductor devices.
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Figure 4.12: SIMS depth profile of a multi-layered Li-N co-doped diamond film grown on a Si
substrate. This film had the following layered structure starting from the Si substrate: 1% layer
of Li-N co-doped diamond, 2™ layer of Li-N co-doped diamond and then 3™ layer of Li-N co-
doped diamond. The capping layer (~20 nm) was grown without the addition of ammonia into
the gas phase. Shown on the plot are the absolute calibrated concentrations of Li and N, and C

intensity, as a function of depth beneath the diamond surface.

4.3.2.2 Effect of grain boundaries on dopants

To understand the role of grain boundaries in diffusion of lithium
into diamond, the same procedures were repeated using single-crystal
HPHT type Ib diamond. Two films were grown, the first using N, with 20 pl
of Li3N suspension and the other using NH3 with 7 pl of Li3;N suspension, and
with different thicknesses of capping layers. A larger amount of Li3N
suspension was used for the N, growth because of the expected difficult of
dissociation of N, gas. The growth procedure was: HPHT substrate, ~0.5 pm
of N-doped diamond, LisN dropcast, N-doped capping layer (100 nm and
500 nm, respectively). Figure 4.13 shows the SIMS depth profile for the
two films. As before (Section 4.3.1.4, above) there is ~10 times as much
nitrogen present in the sample that was grown using NH3; compared to the

one grown using N;. The total levels of N incorporated for both films are a
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factor of ~100 lower than for the microcrystalline diamond case; indeed,
for the Nj-grown sample the N content throughout the bulk of the film is
below the detection limits except within the Li3N layer. For Li it is
interesting to compare the width of the Li peaks to gain insight into Li
diffusion. For the microcrystalline films the Li peak had a spread of about
200 nm either side of the centre, whereas for single-crystal diamond the
spread is much less (+50 nm for the NH;-grown sample) for the equivalent
deposition time, of which +20 nm may be attributed to SIMS mixing. These
findings suggest that grain boundaries play an important role in helping
both N and Li diffuse through diamond, and they may even trap many of

these species within the sp? grain boundaries.
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Figure 4.13: SIMS depth profile (top 500 nm only) of Li-N co-doped diamond films grown on HPHT

type Ib substrates using NH; (solid lines) or N, (dashed lines) as the nitrogen precursors.

4.3.2.3 Lithium Saturation Point

In order to test whether it was possible to control the amount of Li
incorporation, two deposition experiments were performed where the same

procedure (Si substrate, growth of 2 ym N-doped diamond, LisN drop cast,
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deposition of ~150-200 nm of N-doped capping layer) was performed using
(i) N2 as the source of nitrogen and 100 pl of LisN in the first experiment,
and (ii) NHs and 200 pl of Li3N in the second. The results are shown in
Figure 4.14(a) and (b). Doubling the amount of LisN had little effect upon
either the maximum concentration of Li (5x10" cm?™) or the total
integrated amount of Li incorporated inside the films, which is ~4.0x10%" Li
atoms in both cases. As before, the Li layer is localised ~200 nm below the
surface, although diffusion has broadened the layer to a thickness ~300 nm.
The diffusion profile is slightly asymmetric due to the longer diffusion time

experienced by the Li atoms on the deeper side of the film.
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Figure 4.14: SIMS depth profiles (top 400 nm only) of samples grown with (a) N, gas and (b) NH;
gas added to the CVD gas mixture. Li3N was added after the film thickness was ~2 pm, and then

a 200 nm capping layer was added using the same gas mixture as for the lower layer.

The fact that doubling the LisN amount did not change the Li
content suggests that the amount of lithium has reached its solubility limit
inside the diamond film. To confirm this, a third sample was grown using
the same conditions as (ii) above (i.e. using NH3), but with an even higher
amount of LisN (300 pl). When attempting to grow the capping layer this

instead produced a thin black flaky film which spontaneously delaminated
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upon opening the chamber. The black flakes were analysed using laser
Raman spectroscopy and no diamond or graphite peaks were observed,
whilst SIMS showed them to be composed of Li and C. These findings are
consistent with the black flakes being a form of a lithium carbide (Li;C;,
Li4C, LisC,, etc.), although no further analysis was performed to identify

them more precisely.

A fourth experiment was performed in which 2x100 pl of LisN was
added to the diamond surface sequentially, with an hour bake in H; in
between. Again, subsequent diamond CVD resulted in the formation of the
flaky lithium carbide. So we conclude that adding more Li to a diamond
lattice that has reached its solid solution saturation point does not work,
and the excess lithium reacts with the gas-phase carbon species to form

lithium carbides, preventing further diamond deposition.

4.3.3 Electrical Resistance

Table 4.2: Electrical resistance of doped diamond films grown using various N and Li precursors.

Diamond Dopant Precursors Substrate Resistance (MQ)

N, gas >200
N-doped

HMT Silicon Wafer >200
diamond

NH; gas >200

LisN and N; gas 25-75
Li-N Silicon Wafer

LisN and NH3 gas 15-50
co-doped

_ LisN and N, gas 0.085

diamond Type Ib HPHT

LisN and NH3 gas 0.250

Table 4.2 shows the electrical resistance measured using two-point
probes on various diamond films grown using different N and Li precursors.
All N-doped diamond samples grown in Section 4.2.1 showed high electrical

resistance (>200 MQ). These were due to the compensation effect when
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introducing a deep donor level in diamond lattice. A high activation energy
is needed to excite electrons from the N-donor energy level into the
conduction band minimum of diamond, which can be overcome at high

temperatures leading to increased conductivity [18,36].

On the other hand, Li-N co-doped diamond films grown on silicon
substrates had electrical resistance values ranging between 15 - 75 MQ.
There were no correlations between samples grown with N; or NH;. Some
samples were re-grown with similar conditions and the resistance values
were not reproducible, the reasons for which are not fully understood.
Interestingly, diamond films grown on HPHT substrates exhibited lower
electrical resistance. The values were between 85 kQ - 250 kQ, although
these values too were not reproducible when the samples were regrown
under supposedly identical conditions. This may due to the varying amount
of N-content in the HPHT type Ib (see Section 4.2.3).

4.4 Conclusions

This chapter had demonstrated that it was possible to incorporate
high concentrations of both dopants (Li, N) into different types of diamond
films using solid Li3N, NHs;, N, and solid HMT as sources of Li and N,
respectively. The concentrations of both species are as high, or even
higher, than those reported by other methods, such as in-diffusion or
implantation, while not suffering from the lattice damage or poor process

control that these other methods sometimes involve.

However, it appears that there is a solid solubility limit of around
5x10" cm™ for Li in diamond, above which the Li no longer incorporates
but instead reacts with the gas-phase CVD species to form carbides. Below
this limit, the Li content can be well controlled and localised into defined
layers with a spread of +200 nm for microcrystalline diamond and +50 nm

for single-crystal diamond.
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This difference in diffusion between the two types of diamond has
been attributed to the presence of grain boundaries which we suggest aid
diffusion of both Li and N throughout the bulk. The fact that these species
can be incorporated at concentrations 10-100 times higher in MCD than in
SCD films also suggests that the grain boundaries act as sinks for these
species. Thus, Li and N in grain boundaries may be mobile along and within
the grain boundary network, but do not migrate into the grains themselves

where the diffusion is much slower.

This model helps explain why the electrical conductivity of the Li-N
co-doped films remained so low, despite the dopant concentrations being
so high. Perhaps much of the Li and N is trapped as electrically inactive
species within the sp? grain boundaries. Alternatively, it may be that the
optimal ratio of Li:N was not obtained in these preliminary experiments,
and a more exhaustive series of experiments needs to be performed with a
wider range of Li:N ratios. Computer modelling of Li and N within the
diamond lattice was performed to help identify optimal ratio that would

give electrically active n-type diamond and discussed further in Chapter 5.
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Chapter 5:Theoretical Study of Li & N Clusters in Diamond

5.1 Introduction

Density Functional Theory (DFT) has been used in some form since
the late 1920’s to predict the electronic structure of various materials
[1,2]. Advancement in past decades has allowed DFT functionality to
evolve, allowing the Schrodinger equations to be solved to generally, a
good degree of accuracy and thereby giving better understanding of bond
energies, bond length of molecules and lattice structure. In addition, the
properties of solids such as thermal conductivity, electrical conductivity,

scattering and vibrations in solids (phonons) could also be understood.

By the early 1990’s the DFT technique had advanced so that it could
predict simple structures sufficiently accurately in reasonable computer
time, and this instigated the first computational investigations of the
diamond structure and its properties [3-9]. Soon after, computational
studies moved on to investigate the effect of dopants in diamond. The
detailed of boron-doped diamond were first studied using DFT techniques
by Briddon and co-workers [10]. Nitrogen-doped diamond was first
calculated using molecular-orbital (Hartree-Fock) techniques [11] and re-
calculated using DFT by Kajihara. The nitrogen energy level in diamond
was predicted at 1.7 eV below the CBM of diamond [12]. This high
activation energy classified N atoms as deep donors in the diamond lattice.
As computational calculations took less time compared to experiments,
scientists started to calculate the effects of incorporation of various
elements and combination of elements in pursuit of the elusive shallow

donor for n-type diamond films [13].

Apart from N atoms as a potential donor in diamond, Kajihara and
co-workers also reported that interstitial Li atoms will act as shallow
donors in the diamond structure, with an activation energy of 0.1 eV to
excite an electron from the Fermi level to the CBM of diamond [12].
However, the large formation energy required to substitute a C atom with a

Li atom in the diamond lattice leads to low solubility of Li atoms in
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diamond. In addition, under standard diamond growth conditions Li has a
relatively high mobility in the diamond, leading to non-uniform
concentration profiles and inhomogeneous doping. These findings,
together with further experimental reports in the mid-1990s showing that
incorporated Li resulted mainly in electrically inactive diamond, meant
that interest in performing theoretical calculations on such an

‘unpromising’ dopant declined [14,15].

A decade passed, and with further advancement of the DFT
technique it became possible to study the role of small dopant atoms in
diamond in greater detail than before. As a result, interest in Li doping
was rekindled. New studies by Mainwood’s group (King’s College London)
and Goss’s group (Newcastle University) in the United Kingdom provided
greater insight on how Li atoms behave in the diamond structure [16-22].
The effect of clustering that inhibits the ability of Li atoms to perform as

shallow donors was also investigated.

The major challenge faced by experimentalists when producing Li-
doped diamond was to make it behave as a shallow n-type semiconductor,
but this was controlled by the position adopted by the Li atoms within the
diamond lattice. Li is small enough to insert into an interstitial site, and
when it does, calculations predict this leads to formation of a shallow
donor (0.1 - 0.3 eV below the CBM of diamond) [16,23]. However, when Li
substitutes for C in the lattice sites (or fills a vacancy site), it acts as a
deep acceptor [18]. The two Li types compensate each other, which would
not be a problem if the Li could be preferentially grown into one of the
sites.  Unfortunately, experimentally it proved extremely difficult to
control the growth process to favour the interstitial position [22], and the
resulting mixture of Li sites leads to uncontrolled, poor or zero electrical

activity.

Li also plays an interesting role when at the diamond surface.
Lithiation (adding LiO groups to the diamond surface) has been shown both
experimentally and theoretically to increase the negative electron affinity

(NEA) of the diamond surface, and remain stable at temperatures up to
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1000 K. Such NEA surfaces enhance the emission of electrons from the bulk
diamond into the vacuum [24-26]. Other groups have used DFT to explore
the effects of other termination species, such as F, Cl, Br, Co, Cu, and Ti
[27-31]. These enhancement effects are discussed further in Chapter 6 and
Chapter 7.

These prior reports suggest that Li may hold the key to solving the
issue of electrical conductivity in diamond, whether in bulk or at the
surface. To complement the experimental work on Li+N doping discussed
in Chapter 4, result of DFT calculations are reported in order to have better
understanding of Li atoms in diamond. The major aims were to find shallow
donor atom clusters (<0.3 eV energy level below the CBM of diamond)
consisting of Li and N that could be formed inside the diamond lattice at
particular concentrations of Li, and Li/N ratios. The Li within these
clusters needs to remain as a shallow donor without having any

compensation due to the presence of other Li nearby.

The Cambridge Serial Total Energy Package (CASTEP) codes were
used in this study. The codes were developed by Mike Payne and his group
in 1986 [32]. In these codes, plane-wave basis sets were used and
pseudopotentials were used to replace the core electrons, and this
approach is known as the plane-wave pseudopotential (PWP) method. For
large numbers of atoms and electrons (>100 atoms), the PWP approach is
sufficiently accurate, general, robust and efficient, and this makes it ideal
for the study of condensed matter. Having PWP embedded in the CASTEP
code reduced the computer time needed and made large-scale DFT

calculations possible on a large unit cell of diamond.

In this study, the CASTEP codes were used to generate general
information about the diamond lattice, including the formation energy of
Li-N co-doped-diamond structures, the bond lengths between the dopants
and the neighbouring C atoms, and the band structure of the material.
While OptaDOS was used to calculate the density-of-states (DOS) [33].
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5.2 Details of calculations

All calculations in this study were done using parallel computing
facilities situated in the Advanced Computing Research Centre (ACRC),
University of Bristol. The facility consists of two clusters; BlueCrystal Phase
1 and BlueCrystal Phase 2. Since the CASTEP codes can be run on parallel
message passing interface (MPI) systems, BlueCrystal Phase 2 could be used

in order to reduce the computational time needed.

The calculation started with geometry optimisation of a cubic
supercell (see Section 5.2.1) consisting of 64 carbon atoms, using four
nodes and eight processors in each node, with 24 hours wall time. Next, k-
point optimisation (see Section 5.2.3) utilised only two nodes with eight
processors in each nodes with 12 hours wall time. This was followed by the
band structure calculation (see Section 5.2.4) consuming eight nodes with
eight processors in each node with 48 hours wall time. Finally, the DOS
calculations used 12 nodes with eight processors in each node with 72 hours

wall time.

5.2.1 Geometry Optimisation

Various sizes of supercell were investigated ranging in size from 8 to
216 atoms. 8, 16 and 32 atom supercells provide inaccurate information
due the convergence of energies with cell size. The supercell needs to be
large enough so the defect introduced into the supercell will not be
interacting between one another. The energy per unit carbon in each
supercell should be similar with other supercell to determine the accuracy
of the supercell used. 216 atoms supercell was not used in this study
because of the extra computational time it requires. 64 atom supercell was
deemed to be sufficient to be used as the basic supercell for the dopant in

diamond calculations discussed in this chapter [18].
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The generalised gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) [34] exchange-correlation functional was used
employing a 64-atom supercell constructed using 2x2x2 conventional f.c.c.
diamond unit cells. The plane-wave basis-set cut-off energy was set at 391
eV. A 3x3x3 mesh of k-points was used for the integration over the Brillouin
zone and further increasing the number of mesh points did not make a

significant difference.

This calculation employed periodic boundaries. First, the
undefective lattice parameter was determined by varying the size of the
primitive unit cell and determining which value gave the lowest energy
resulting unit cell parameter of 3.568 A for the cubic diamond unit cell
compares well with the experimental value of 3.567 A [35,36]. The lattice
parameter was then kept constant throughout the calculations on the
defect (doped) diamond supercell while the positions of the atoms were
optimised. The dopant was inserted into diamond lattice without any

symmetry constraints.

Calculations were done using local density approximation (LDA) to
compare with PBE. Two sets of supercells were used, 2x2x2 (64 atoms) and
3x3x3 (216 atoms) conventional f.c.c. diamond unit cells. The energy per
atom must not change even larger supercell was used in the calculations.
However, by using LDA as the exchange-correlation function, the energy
per atom for 64 atom and 216 atom supercells differ by ~0.8 eV/atom while
when using PBE for both supercells the energy per atom differ by <0.001
eV/atom. Thus, PBE was chosen as the best exchange-correlation function

and used in all calculations discussed in this chapter.

5.2.2 Formation Energy

The formation energy, AE; of doped diamond was calculated using:
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AEf = E{)oetf - Ef(ftrf - Zniﬂi + q(EF + E, + AV) + 0. 5q2 (5.1)
where

q = —An, (5.2)

EDef is the energy of the doped diamond supercell, EFS™ is the energy of a
perfect (undoped) diamond supercell, n is the number of atoms added (+)
or removed (-) from the supercell and u is the chemical potential of the
atoms added to the diamond. The difference in number of electrons added
or removed from the cell is An,. Eg is the Fermi energy of the material, E,
is the energy of the valence band maximum (VBM) of the defective diamond
structure and AV is the difference between the average electron potential
of doped diamond and perfect (undoped) diamond. 0.5g? is the correction
term using the Madelung term [22] for a cubic supercell with a side length

of 2ap, which is needed when the unit cell is non-neutral.

5.2.3 K-point Optimisation

Before any band structure calculation took place, k-point
optimisation needed to be performed to ensure sufficient points in the
Brillouin zone were used to ensure convergence while also minimising the
computational time required. The geometry output file obtained from the
geometry optimisation calculation of the diamond supercell was used as the
input file in this optimisation. Single point energy calculations were done
with different k-point values range from 2x2x2 to 7x7x7, and the energies
obtained plotted in a graph as depicted in Figure 5.1. The optimum k-point
condition was determined by a trade-off between the minimum energy
obtained from the calculation and a reasonable computational time taken
to complete the calculations. Most of the calculations employed 4x4x4 k-

point selection for their band structure calculations.
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Figure 5.1: Energy of nitrogen defect in diamond 64 atom supercell and time taken for the
calculations vs. the k-point mesh used. Solid line represents energy for the defective supercell
while dashed line represents the time taken for the calculation to be completed.

5.2.4 Band Structure Calculation

After obtaining the optimised geometry and the optimum set of k-
points for further calculating the calculations on the defective diamond
were performed, it is customary to report dispersion curves particular high-
symmetry direction in the Brillouin zone. The standard path for f.c.c.
lattice was chosen: X-R- I'-X-M-I' [18] which fractional coordinate of I, X, R
and M are (0.0, 0.0, 0.0), (0.5, 0.0, 0.0), (0.5, 0.5, 0.5) and (0.5, 0.5, 0.0).
The output file then was analysed using the software ‘castep_utilities’ tools

prepared by Dr. Kane O’Donnell in order to determine the band structure.

5.2.5 Density of State (DOS) Calculation

The DOS calculation was carried out using the CASTEP code ‘optics’.
A later version of CASTEP renames the job code as ‘spectra’. Another series
of convergence runs were done to optimise the ‘optics k-point’. The

objective of the k-point optimisation was similar to that of the previous
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optimisation; to ensure the data points in the calculation were sufficient
while not jeopardising the computational time. The optimum ‘optics k-
point’ was set to 10x10x10.

The output files obtained from CASTEP then underwent further
analysis using OptaDOS software in order to determine the DOS. OptaDOS
average out over large number of k-points in the Brillouin zone to get the
DOS.

5.2.6 Dopants in Diamond

Series of dopants such as Li, N and mixtures of both at different ratios
were used in this study to search for a suitable shallow dopant that would
enhance the n-type semiconducting properties of diamond material. The
fractional positions of each dopant in the unit cell were summarised in
Appendix E. Once the chosen undefective diamond unit cell had undergone
a geometry optimisation calculation, the output file was used as the input
file for dopant calculations. For substitutional dopants, the carbon atoms
were directly replaced with the dopant of interest. However, for
interstitial dopants the dopant atoms were placed in three possible
interstitial sites, T4 (tetrahedral site), Ty, (interstitial site on the hexagon
plane of the diamond) and T, (at the centre of the unit cell) as depicted in
Figure 5.2. When the dopants were positioned on the interstitial site, care
was taken that a special high symmetry point was not selected. After the
series of calculations were complete, T4 was found to be the interstitial
site with the lowest energy per unit cell, suggesting that this is the most
stable and preferable such site for lithium dopants. This result agrees with

previous researchers [16,17,22,23].
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Figure 5.2: The possible interstitial sites of Li in diamond lattice, (a) Ty, tetrahedral site, (b) Ty,
interstitial site on the hexagon plane of the diamond and (c) T, at the centre of the unit cell.

For co-doping, N atoms were also added to the diamond supercell
along with the Li, and the Li:N ratio was varied depending on the type of
cluster studied as illustrated in Figure 5.3. When adding two N atoms for
the 1:2 ratio, the N atoms were placed opposite each other forming a N-Li-
N arrangement. For a 1:3 ratio, the N atoms were bonded to Li atom as
depicted in Figure 5.3(c). Lastly, for the 1:4 ratio of Li and N, the N atoms
formed a cage-like structure encapsulating the Li in the middle of the N
atoms. The fractional position for all clusters in the supercell were

summarised in Appendix F.
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Figure 5.3: The Li-N clusters in substitutional sites with ratio of Li-to-N of (a) 1:1, (b) 1:2, (c) 1:3
and (d) 1:4.

5.3 Results and Discussion

5.3.1 Pure Diamond

To check that the model had been set up correctly, CASTEP was first
used to simulate the structure and properties of pure diamond. The
optimised diamond structure calculated had a carbon-carbon bond length
of 1.55 A, comparable with the experimental value and good lattice
parameter as showed in Section 5.2.1 [35]. Figure 5.4 shows the GGA band
structure of pure diamond and the DOS produced using the CASTEP code.
The calculated band gap of diamond was 4.06 eV, which is in agreement
with the values calculated using similar methods by the group at KCL [16]
(~4.1 eV). However, this value is much lower than the experimental value,
5.4 eV [36]. The difference is due to the limitations arising from the

theoretical model. Underestimation of band gap is a well-known failure of
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DFT and due to the approximations in the exchange-correlation. Thus, the
result produced from the calculations did not resemble the true value of
the band structure of the diamond material and could not be used directly
as quantitative analysis. Nevertheless, it was used qualitatively as a model
to compare between pure diamond and doped-diamond structures. Based
on Figure 5.4, the Fermi level of pure diamond (undoped) was observed
near the valence band maximum (VBM) of the structure with the value of
0.80 eV above the VBM.

Energy / eV

X R r X M F DOS / arb. unit

Figure 5.4: Band structure and DOS of pure diamond from the 64 atoms supercell calculated
using CASTEP. From here onwards, Ef is the Fermi level and energy levels situated below the E¢

are occupied with electrons while energy levels situated above the Er are unoccupied.

5.3.2 Nitrogen in Diamond

When an atom of nitrogen was substituted for an existing carbon
atom in the diamond structure, the formation energy, AE; as defined in
Equation 5.1 for the process was found to be 4.13 eV. The chemical
equation for this process showed in Equation 5.3. The positive formation
energy indicates that the process is not spontaneous and the substitution
will not occur at room temperature or even at CVD diamond growth
temperature (1100 K). The energy required is so large mainly due to the

requirement of removing a strongly-bonded C atom from the structure.
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Furthermore, strain is induced in the lattice since N atom has a covalent
radius of 0.72 A while the C atom has a covalent radius of 0.77 A.
Alternatively, if the N atom simply added into an existing vacancy site in
the diamond structure, the formation energy is reduced to -2.62 eV. The
chemical equation for this process showed in Equation 5.4. Negative
formation energy indicates a spontaneous reaction which s
thermodynamically favourable. When diamond films are prepared using
CVD, the formation of vacancies are inevitable [37,38]. These energy values
suggest that the addition of N atoms into the diamond structure will be
dependent mainly on the availability of vacancy sites created during the
CVD process which can spontaneously trap N atoms, rather than N

displacing C atoms bonded in the lattice.

Formation of nitrogen-doped diamond from undefective diamond:
Cea(s) + N(s) = Ce3N(s) + C(s) AE; = +4.13 eV (5.3)
Formation of nitrogen-doped diamond from vacancies in diamond:

Ce3(s) + N(s) = Cg3N(s) AE¢ = -2.62 eV (5.4)

The calculated C-N bond length in the lattice was 1.59 A, which is
0.04 A longer than the C-C bond (1.55 A). To compensate for this, the bond
length of the next neighbouring carbons shortened to 1.53 A. The lengths of
C-C bonds situated far away from the dopant position remain unchanged.
This indicates that the structure is strained only within a few atoms of the

dopant position.

Figure 5.5 illustrates the band structure and DOS of nitrogen-doped
diamond calculated using CASTEP. The calculation shows the nitrogen
energy level situated right at the bottom of the CBM and the Fermi level
lying within the bottom of CBM. The nitrogen energy level was 0.31 eV
below the conduction band minimum (CBM) of the diamond structure. This
indicates a deep donor level state in the diamond lattice [12].

141



Energy / eV
B & 3 &

N
w

1 L 1 1 1 L 1 L 1 " 1 " 1 n 1 L 1

-30

DOS / arb.unit

Figure 5.5: Band structure and DOS of nitrogen-doped diamond from the 64-atom supercell
produced using CASTEP.

5.3.3 Lithium in Diamond

Using Equation 5.1, the formation energies for interstitial and
substitutional lithium atoms were found to be 8.67 eV and 8.32 eV,
respectively. The chemical equations for these processes are shown in
Equation 5.5 and Equation 5.6. The difference between these values was
small, and this implies that both locations are possible with roughly equal
amounts in both. However, if the Li dopant sits in an existing vacancy site
(in a similar way to N, discussed in section 5.3.2), the formation energy is
only 1.57 eV. The chemical equation for this process is shown in Equation
5.7. Even though the formation energy is much less for this process, the
reaction is still non-spontaneous due to its positive energy. The vast
majority of CVD (and other) techniques used in growing diamond will
produce vacancy sites in the structure during growth. As a result, Li
introduced during a diamond growth process will predominantly occupy
substitutional sites following the lower energy step of capture by a

vacancy, although some Li will also remain in interstitial positions.
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Formation of Li-doped diamond (interstitial) from undefective diamond:

Cea(s) + Li(s) = CeaLi(s) AE; = +8.67 eV (5.5)
Formation of Li-doped diamond (substitutional) from undefective diamond:
Cea(s) + Li(s) = CesLi(s) + C(s) AE; = +8.32 eV (5.6)
Formation of Li-doped diamond (substitutional) from vacancies in diamond:

Ces(s) + Li(s) » CeLi(s) AE; = +1.57 eV (5.7)

The addition of lithium to an interstitial site reduces the C-C bond
length of the neighbouring carbons to 1.49 A, a 4% reduction in length
compared with the C-C bond length in undoped diamond (1.55 A). The
calculations show that the lowest energy of Li interstitial site was the T4
interstitial site [17]. The Li-C bond length was 1.63 A, similar to that
obtained by Lombardi and Mainwood [17]. Changing the position of Li from
interstitial to substitutional increases the Li-C bond length from 1.63 A to
1.74 A but the neighbouring C-C bond lengths remain unchanged. In both
substitutional and interstitial sites, the C-C bond length for carbon atoms

situated far away from the defect sites remains unchanged.

5.3.3.1 Interstitial Site

Figure 5.6 depicts the band structure and DOS of Li-doped diamond
residing in an interstitial site. The Li energy level merges with the
conduction band with the Fermi level lying within and just below the CBM.
The value was smaller compared to previous calculations by other groups
(0.1-0.3 eV) [12,23]. Furthermore, the Li 2s orbital energy level seems to
be distributed just below the CBM of diamond, as in the band structure

produced by Lombardi & Mainwood [16]. It is indeed a suitable shallow
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donor candidate but due to the competition with the formation of lithium

at the substitutional site, further improvement needs to be done.
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Figure 5.6: Band structure and DOS of Li-doped diamond (interstitial) from the 64-atom
supercell produced using CASTEP.

5.3.3.2 Substitutional Site

Figure 5.7 shows the calculated band structure and DOS for lithium-
doped diamond residing at a substitutional site. Both the band structure
and DOS are different from that for interstitial Li (above). Firstly, the
Fermi level for Li substitutional dopants is situated near the VBM, which
indicates that the structure possesses p-type semiconducting properties in
agreement with previous works [16-18]. The dopant will act as an acceptor
rather than a donor. The acceptor energy level was calculated to be at 1.35
eV above the VBM of diamond.

With this p-type behaviour, the existence of both substitutional and
interstitial sites simultaneously in diamond films will lead to compensation
effects that will reduce its electronic activity. However, due to the ability
of Li atoms to become trapped in vacancy sites, substitutional Li will be the

dominant species. Thus, for any Li precursor being used and introduced into
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diamond films during growth, a p-type semiconductor will be formed

preferably.

Li Substitutional - N Substitutional Spin Up
------ Li Substitutional - N Substitutional Spin Down
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Figure 5.7: Band structure and DOS of Li-doped diamond (substitutional) from the 64-atoms
supercell produced by CASTEP.

Secondly, in both the band structure and DOS there were new states
observed near the Fermi level. These states were not visible in the
calculation for pure diamond (Figure 5.4) because these new states were
generated from removing C atoms and addition of Li atoms into the
substitutional site. Figure 5.8 illustrates the band structure of
substitutionally positioned Li-doped diamond near the Fermi level. There
are new states observed near the VBM of diamond. When one C atom was
removed from the unit cell, four dangling bonds were produced by the
neighbouring C atoms. As Li atom substituted into the vacant position, Li
supplies one extra electron into one of these dangling bonds. The other
three dangling bonds remained unoccupied and denoted by three energy
state above the Fermi level. The DOS depicted in Figure 5.7 is also in
agreement with the band structure in Figure 5.8, as the spin-down peak
showed above the Fermi level, indicating the unoccupied state, while both

spin-down and spin-up peaks appear below the Fermi level, suggesting that
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the energy levels were occupied with electrons from neighbouring carbon

atoms and substitutional lithium atom.

Lithium Substitutional Spin Up
------ Lithium Substitutional Spin Down

— e\ e o
= e N2
F ———

Energy/eV

Figure 5.8: Band structure of Li-doped diamond (substitutional) near the Fermi Level.

After thorough analysis of the characteristic of both interstitial and
substitutional Li in a diamond crystal lattice, it was concluded that a
different experimental approach needed to be taken to produce
electrically active Li-doped diamond. Simply adding Li to the growth
process (e.g. as a gas-phase component in the CVD mixture) would result in
both interstitial and substitutional Li in the diamond lattice, but with
substitutional Li being the dominant species. Thus, such material would be
weakly p-type semiconducting due to the substitutional Li acting as an
acceptor [12,19]. Since substitutional Li atoms in diamond occupy a level in
a higher than substitutional B dopants (0.37 eV above the VBM), the former
will show higher electrical resistance at room temperature compared to B-
doped diamond.
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5.3.4 Li-N Co-Doped Diamond

The combination of N deep-donor properties and Li shallow-donor
properties are predicted to overcome the uncertainty in formation of
interstitial or substitutional Li in the diamond lattice. The semiconductor
produced may not be as shallow a donor as interstitial Li alone, but it will
help to eliminate the competition between both substitutional and
interstitial incorporation. To model this in CASTEP, N atoms were
introduced into the system as substitutional nitrogen. They acted as a trap
for interstitial Li atoms, allowing the valence electron from the Li atoms to
be donated into the diamond lattice structure through the substitutional N
atoms. Both the effects of interstitial and substitutional Li were studied in

this co-doped calculation.

5.3.4.1 1:1 Ratio of Li-to-N Atoms in Li-N Co-doped Diamond

Initially, a ratio of one atom of N to one atom of Li (1:1) was

investigated for simplicity.

5.3.4.1.1 Interstitial Lithium

Based on the formation energy equation (Equation 5.1), 9.41 eV is
needed to form Li-N co-doped diamond from undoped diamond. The
chemical equation for this process is shown in Equation 5.8. The calculated
total energy includes the energy needed to remove one carbon atom and
replace with a nitrogen atom. The formation energy could be further
reduced if the N atoms are introduced into existing vacancies in the space
lattice (see Section 5.3.2). By calculating the formation energy of Li-N
co-doped diamond from the addition of Li atom into an interstitial site in

nitrogen-doped diamond, the resulting formation energy was reduced to
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5.28 eV. The chemical equation for this process showed in Equation 5.9.
Even though the energy needed was reduced by 4.13 eV, the formation of
Li-N co-doped diamond by wusing this approach remains very

thermodynamically unfavourable.

Formation of Li-N co-doped diamond (interstitial) from undefective

diamond:
Cea(s) + Li(s) + N(s) = Cg3LiN(s) + C(s) AE; = +9.41 eV (5.8)
Formation of Li-N co-doped diamond (interstitial) from N-doped diamond:

CesN(s) + Li(s) = Ce3LiN(s) AE; = +5.28 eV (5.9)

Another series of calculations were performed to investigate the
capability of N atoms to act as a trap for pinning Li atoms. Putting a Li
atom further away from a substitutional N site, the calculated formation
energy was 11.32 eV. This suggests that once the Li atom has inserted into
the diamond lattice, its most thermodynamically favourable position is as
close as possible to an N atom as the formation energy will decrease from
11.32 eV to 9.41 eV.

For Li-N co-doped diamond, the strain in the structure was also
greater as the Li-C bond lengths were calculated to be between 1.64 A and
1.74 A. The Li-C bond lengths increased by at least 0.01 A compared to the
nearest neighbour Li-C distance with the absence of N atom. Due to the
elongation of the Li-C bond lengths, the N-C bond lengths were reduced
greatly, varying greatly between 1.43 A and 1.49 A. The N-C bond length in
Li-N co-doped diamond was smaller than that in nitrogen-doped diamond
(1.59 A). However, the expansion and compression of the bond lengths was
only observed within a few atoms of the dopant location. All other
independent carbon atoms situated further away from the dopants area
maintained their C-C bond length at 1.55 A.
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Figure 5.9 shows the band structure and DOS of Li-N co-doped
diamond produced using CASTEP. The energy level of the dopant was well
separated from the diamond energy level. The dopant energy level is
situated below the Fermi level suggesting the dopant energy level was fully
occupied. For the N-doped diamond with its band structure depicted in
Figure 5.5 (see Section 5.3.2), the nitrogen energy level lying within and
close to the Fermi level because it is half-occupied. When a Li atom was
introduced into the system, the valence electron from the Li atom was
donated into the half-filled N energy level. The nitrogen energy level is
completely occupied. The dopant energy level is 1.01 eV below CBM of
diamond. If N atoms in diamond are considered as deep donors with energy
0.31 eV below the CBM of diamond, the combination of interstitial Li and
substitutional N makes it a deeper donor compared to nitrogen itself. Thus,
the introduction of single interstitial Li atom and single substitutional N
atom in the diamond lattice will not lead to a successful production of

shallower donor dopant in diamond.

Energy / eV
& o U

N
5]

-25

X R r X M r DOS / arb. unit

Figure 5.9: Band structure and DOS of Li-N co-doped diamond (interstitial) from the 65-atoms

supercell produced by CASTEP.
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5.3.4.1.2 Substitutional Lithium

The trend for formation energy of substitutional lithium in Li-N
co-doped diamond follows its predecessor. The formation energy for
insertion of both lithium and nitrogen atoms simultaneously in pure
diamond into substitutional sites was 6.66 eV. The chemical equation for
this process showed in Equation 5.10. The formation energy is 2.75 eV
lower than the formation energy of Li in the interstitial site for Li-N co-
doped diamond crystals. However, if the calculation started with nitrogen-
doped diamond, then only a C atom is replaced by a Li atom, and the
formation energy is 2.09 eV. The chemical equation for this process showed
in Equation 5.11. Conversely, if the calculation started with a cell with a
nitrogen vacancy (because nitrogen vacancy defect sites are easily formed
at growth temperatures due to the mobility of vacancy sites at 850 °C
[39,40]), the formation energy reduced even further to 1.16 eV. The
chemical equation for this process showed in Equation 5.12. Even though
the formation energy is still positive value, only a small amount of energy is
required to form this type of Li-N co-doped diamond structure, with both
dopants residing in the substitutional site compared to that for interstitial

lithium with substitutional nitrogen.

Formation of Li-N co-doped diamond (substitutional) from undefective

diamond:

Cea(s) + Li(s) + N(s) » CeaLiN(s) + 2C(s) AE; = +6.66 eV (5.10)
Formation of Li-N co-doped diamond (substituional) from N-doped diamond:
Ce3N(s) + Li(s) = CeaLiN(s) + C(s) AE; = +2.09 eV (5.11)

Formation of Li-N co-doped diamond (substitutional) from nitrogen vacancy

diamond:

CeaN(s) + Li(s) = CeaLiN(s) AE; = +1.16 eV (5.12)
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The Li-C bond elongated further to a value of 1.79 A. Elongated Li-C
bonds result in shortening the N-C bond to 1.48 A. The four carbon atoms
next to the carbon bonded directly to Li have C-C bonds length of 1.48 A.
The reduction in bond length not only occurred for N-C bonds next to Li-C
but also to other next-neighbouring carbon atoms. Conversely, the
neighbouring carbon atoms bonded to the carbon atom in the N-C bond
have longer C-C bond lengths, 0.01 A larger than the typical C-C distance of
1.55 A.

Figure 5.10 depicts the band structure and DOS Li-N co-doped
diamond where both dopants reside on the substitutional sites. The overall
valence band and conduction band in the band structure and DOS look
similar to that from the pure (undoped) diamond structure (Figure 5.4)
indicating there are no significant changes being made to the structure by
the addition of both dopants. However, the Fermi level of this particular
structure resembles that for the substitutional lithium addition (see Section
5.3.3.2). The Fermi level is situated near to the VBM of diamond which

indicates the structure formed is a p-type semiconductor.
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Figure 5.10: Band structure and DOS of Li-N co-doped diamond (substitutional) consist of a 64-
atoms supercell calculated using CASTEP.

151



Figure 5.11 illustrates the band structure of Li-N co-doped diamond
near the Fermi level with both dopants incorporated substitutionally. As
previously discussed in Section 5.3.3.2, the Fermi level shifts from near the
CBM to the VBM of diamond. When one C atom removed from the lattice,
four dangling bonds were created by the neighbouring C atoms and
substitutional Li sit in the vacant position supplies its electron to form Li-C
bond with one of the dangling bonds. When another C atom is substituted
with N atom, the extra electrons in N atom help to stabilise one of the
dangling bonds. Hence, only two dangling bonds left unoccupied and their
energy state were observed above the Fermi level depicted in Figure 5.11.
By having unoccupied energy levels near the VBM of diamond, this lowers
the Fermi level of the diamond structure. Thus, the Li-N co-doped diamond

produces a p-type semiconductor.

Li Substitutional - N Substitutional Spin Up
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Figure 5.11: Band structure of Li-N co-doped diamond (substitutional) near the Fermi Level.

5.3.4.2 1:2 Ratio of Li:N atoms in Li-N Co-doped Diamond

The formation energies obtained from CASTEP for both interstitial

and substitutional sites with a 1:2 ratio of Li-to-N atoms were 12.20 eV and
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5.18 eV, respectively. The chemical equations for these processes showed
in Equation 5.13 and Equation 5.14. The formation energy of the interstitial
site increased by 2.79 eV compared to that for the 1:1 ratio. This suggests
that the 1:2 interstitial lithium cluster will not be preferred in the diamond
lattice. On the other hand, the formation energy of a Li atom in a
substitutional site showed a reduction in formation energy by 1.48 eV
compared to the Li substitutional cluster with 1:1 ratio of Li and N. Less
energy indicates that the 1:2 cluster with Li in the substitutional site was
preferable compared to 1:1 co-dopant clusters. Further analysis on the
interstitial lithium cluster was not carried out due to the high formation

energy needed to form this type of structure.

Formation of 1:2 ratio of Li-N co-doped diamond (interstitial) from

undefective diamond:
Cea(s) + Li(s) + 2N(s) = CeLiNy(s) + 2C(s) AE¢ = +12.20 eV (5.13)

Formation of 1:2 ratio of Li-N co-doped diamond (substitutional) from

undefective diamond:

Cea(s) + Li(s) + 2N(s) = CeiLiNy(s) + 3C(s) AE; = +5.18 eV (5.14)

Figure 5.12 illustrates the band structure and DOS for a 1:2 ratio of
Li:N in Li-N co-doped diamond. Both of the dopants reside at substitutional
sites. The Fermi level of the material was situated near the VBM of the
structure and results in a p-type material, with the dopants acting as
acceptors. From the band structure and DOS, the existence of spin-up and
spin-down electrons were nearly the same as in previous lithium

substitutional dopant clusters (see Section 5.3.4.1.2).
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Figure 5.12: Band structure and DOS for a 1:2 ratio of Li:NN in Li-N co-doped diamond

(substitutional) consisting of a 64-atoms supercell calculated using CASTEP.

Figure 5.13 depicts an expanded view of the band structure of the
1:2 ratio of Li:N cluster in Li-N co-doped diamond. In this structure only
one unoccupied energy state was observed. The observation could be
explained in the same manner as before. When one C atom removed from
the lattice, the four neighbouring carbons possessed dangling bonds. The Li
atom sits in the vacant position will supplies its electron to stabilise one
dangling bonds while substituting two C atoms with two N atoms help to
stabilise another two dangling bonds. Now, only one dangling bond
remained unoccupied. Hence, the energy state that is denoted as spin-
down (dashed line) above the Fermi level in Figure 5.13 belongs to the last

dangling bond.
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Li Substitutional - N Substitutional Spin Up

Energy / eV

Figure 5.13: Band structure of 1:2 ratio of Li:N of Li-N co-doped diamond (substitutional) near

the Fermi Level.

5.3.4.3 1:3 Ratio of Li:N Atoms in Li-N Co-doped Diamond

An additional N atom was added into the 1:2 dopant cluster to
create a 1:3 dopant cluster (LiN3). The formation energy for this cluster,
assuming a Li atom is present at the interstitial site, increased to 13.69 eV.
Conversely, the 1:3 cluster with the Li atom substitute for C atom showed
the opposite effect, with a reduction in the formation energy to a new
value of 3.88 eV. The chemical equations for these processes showed in
Equation 5.15 and Equation 5.16. This is by far the lowest formation energy
obtained without taking into account any effects from vacancy sites (see
Section 5.3.4.1.2). Substituting five C atoms with one Li atom and four N
atoms that bonds together have a lower formation energy compared to the
energy needed to substitute one C atom with one N atom (4.13 eV) (see
Section 5.3.2).
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Formation of 1:3 ratio of Li-N co-doped diamond (interstitial) from

undefective diamond:
Cea(s) + Li(s) + 3N(s) = Ce1LiN3(s) + 3C(s) AE¢ = +13.69 eV (5.15)

Formation of 1:3 ratio of Li-N co-doped diamond (substitutional) from

undefective diamond:

Cea(s) + Li(s) + 3N(s) = CeoLiNs(s) + 4C(s) AE; = +3.88 eV (5.16)

Only calculation of a substitutional Li atom in the 1:3 cluster was
carried out due to its low formation energy. No further action was taken
for the interstitial lithium atom in the 1:3 cluster due to its large formation
energy. Figure 5.14 shows the band structure and DOS for 1:3 ratio Li:N of
Li-N co-doped diamond with substitutional lithium. Both the band structure
and DOS looks different from the previous substitutional lithium structures,
but resemble the result produced by the 1:1 Li:N ratio cluster with
interstitial Li (see Section 5.3.4.1.1). However, the dopant energy level
differs by ~0.86 eV. This structure had a dopant energy level of 1.87 eV
below the CBM while interstitial lithium in the 1:1 ratio cluster had a

dopant energy level 1.01 eV below the CBM.

In this structure, there are no dangling bonds. This explains the non-
existence of different spin electrons above and below the Fermi level, as
seen in previous clusters with different ratios and substitutional Li. The
dopant energy level lies below the Fermi level. This structure resembles
the 1:1 ratio cluster interstitial lithium because they share one common
property: there are no unpaired electrons in their system. All the original
valence electrons possessed by the dopants have been (formally) used to
form 2-electron- bonds. Thus, the occupied dopant energy levels lie below

the Fermi level.

Even though this 1:3 ratio cluster had the lowest formation energy
and was a possible n-type material, the dopant energy level was too deep

for practical application at room temperature. The material would have
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higher electrical resistance compared to nitrogen-doped diamond and
phosphorus-doped diamond.

Energy / eV

X R r X M r DOS / arb. unit

Figure 5.14: Band structure and DOS of 1:3 ratio of Li:N of Li-N co-doped diamond

(substitutional) consisting of a 64-atom supercell calculated using CASTEP.

5.3.4.4 1:4 Ratio of Li:N Atoms in Li-N Co-doped Diamond

Finally, when all the neighbouring C atoms are substituted with
nitrogen atoms, the 1:4 ratio cluster is formed (LiN4). The formation energy
of this cluster with interstitial Li atom remains high, with a value of 17.01
eV. However, the formation energy for the cluster with a substitutional Li
atom also showed an increased to a value of 4.88 eV compared to 1:3
cluster. The structure gained 1 eV by replacing one more carbon with a
nitrogen atom when compared with the formation energy of the 1:3 ratio
cluster. This may be associated with the extra unpaired electron present
due to the fourth nitrogen atom. The chemical equations for these

processes showed in Equation 5.17 and Equation 5.18

Formation of 1:4 ratio of Li-N co-doped diamond (interstitial) from

undefective diamond:

Cea(s) + Li(s) + 4N(s) — CeoLiNa(s) + 4C(s) AE; = +17.01 eV (5.17)
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Formation of 1:4 ratio of Li-N co-doped diamond (substitutional) from

undefective diamond:

Cea(s) + Li(s) + 4N(s) — CsoLiN4(s) + 5C(s) AE; = +4.88 eV (5.18)

Figure 5.15 shows the band structure and DOS of the 1:4 ratio cluster
of Li-N co-doped diamond with substitutional Li. The Fermi level is situated
right below the CBM of the diamond structure suggesting that the material
produced is a shallow n-type material. Both the band structure and DOS for
this cluster resemble that of interstitially lithium-doped diamond. The
dopant energy level was merges with the conduction band, with the Fermi
level lying within and just below the bottom of the CBM. The dopant energy
level is shallower compared to that calculated by Moussa and co-workers
(0.20 eV below the CBM) [41]. Hence, with lower formation energy and
without any competition from the positioning of the Li atoms (i.e.
interstitial substitutional sites), the structure with 1:4 ratio looks like being

a promising n-type semiconducting material to be produced and tested.

Energy / eV

X R r X M r DOS / arb. unit

Figure 5.15: Band structure and DOS for the 1:4 ratio Li:N of Li-N co-doped diamond

(substitutional) consisting of a 64-atoms supercell calculated using CASTEP.
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5.4 Conclusions

Li atom alone as dopant has been shown to be not sufficient to be a
candidate for a shallow donor to produce n-type semiconducting diamond.
This is due to the ability of Li atom to be positioned either at interstitial
sites or substituting for C atom. Li behaves differently at the two sites:
interstitial Li acts as a donor while substitutional Li acts as an acceptor.
This mixture will compensate each other and the dominant site

(substitutional) will make the diamond act as a p-type semiconductor.

By the addition of a N atom to accompany a Li atom as a co-dopant,
the effects vary depending upon the Li:N ratio When a 1:1 ratio of Li and N
is used, substitutional Li atoms had the lower formation energy.
Unfortunately, the cluster formed with substitutional lithium acted as an
acceptor. However, it was shown that Li and N stay close to each other due
to strong association between the two dopants. This is an important
finding, because it shows that N atoms act as traps to pin down Li atoms,
and indirectly they reduce lithium atom mobility in diamond. In addition
this encourages further experimental analysis to determine the

whereabouts of Li atoms in diamond.

Further analysis with different ratios of Li and N yielded other
interesting results. By increasing the amount of N atoms in the system, Li
atoms are less likely to reside in the interstitial site as the formation
energies increased to values above 10 eV. With higher amounts of N atoms
in the cluster, the energetically favourable position that Li atoms could
adopt is at substitutional sites. 1:3 ratio clusters gave the lowest formation

energy of 3.88 eV, but it acted as a deep donor in the diamond material.

However, a 1:4 cluster (LiN4) behaved like a shallow donor with the
donor energy level <0.10 eV below the CBM of diamond. The challenge in
producing this type of material will be to overcome the higher formation
energy of 1:4 cluster compared to 1:3 cluster with the difference of 1.0 eV
in energy. Once the ratio is correct, there will be no competition between

adding Li atom at interstitial or substitutional sites and there will be no
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compensation effect due to the formation of both p-type and n-type dopant
in the same material. Thus, the calculations predict that LiN4 is a highly
promising potential candidate as an n-type dopant in diamond, with

excellent electrical properties.

Table 5.1: Summary of the electronic properties of doped diamond structures. AE; is defined by
Equation 5.1, dopant energy levels are stated with respect to VBM or CBM with (-) indicates it
lies below the CBM/VBM or (+) indicates it lies above the CBM/VBM.

Dopants Formation Dopant energy Type of
energy, AE; levels semiconductors

N - substitutional 4.13 eV 0.31eV-CBM n-type
Li - interstitial 8.67 eV <0.10 eV - CBM n-type
Li - substitutional 8.32 eV 1.35eV + VBM p-type
1:1 Li-to-N - interstitial 9.41 eV 1.01 eV - CBM n-type
1:1 Li-to-N - substitutional 6.66 eV 1.10 eV + VBM p-type
1:2 Li-to-N - substitutional 5.18 eV 0.96 eV + VBM p-type
1:3 Li-to-N - substitutional 3.88 eV 1.87 eV - CBM n-type
1:4 Li-to-N - substitutional 4.88 eV <0.10 eV - CBM n-type
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Chapter 6:Electron Emission Study of Li-N Co-Doped Diamond

Films

6.1 Introduction

Detailed discussions on the preparation and characterisation methods
of Li-N co-doped diamond films were discussed in Chapter 3 and Chapter 4.
However, the films prepared did not exhibit any semiconductor properties
and the 2-point electrical resistance observed in those films (>10 MQ) was
extremely high at room temperature. Later, a computational approach was
considered and discussed in Chapter 5 that investigated the possible
arrangements of both Li and N atoms in a diamond lattice. The calculations
suggested that certain Li-N clusters might form deep donor levels in
diamond. Most of the Li-N co-doped diamond films prepared in Chapter 4
had a high content of N atoms with the ratio of Li to N being of the order of
1:18 indicating that the sample may behave similarly to N-doped diamond
films. Previous studies also suggest that N-doped films start to exhibit low
electrical resistance at high temperature [1-3]. Thus, the thermionic
emission measurement technique was considered as a suitable choice to be
used for electrical measurement of the N-rich Li-N co-doped diamond films

prepared in this study.

Thermionic emission involves heating a material electrode such that
electrons are emitted from the highest occupied energy level into the
vacuum. If these electrons are captured by a second electrode possessing a
lower work function called a collector, the electron gas streaming between
the two electrodes acts as a fluid for transferring heat in the form of
kinetic and potential energy. If the kinetic energy is rejected by the
collector as heat, the electrons are able to utilise the potential energy to
do electrical work in an external circuit. The thermionic conversion process
effectively transforms thermal energy into electrical power. The main
equation underlying the thermionic process is Richardson-Dushman’s
equation showed in Equation 6.1. Thermionic emission is characterized by
two important properties of the material itself; the work function, ¢ and
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the working temperature, T. The electron emission current density (J)

produced is given by:

~¢
J = AgT%ew™ (6.1)

In the 1950s, thermionic electron emission was considered as a
possible means to generate electrical power from nuclear or solar thermal
heat sources on account of the high theoretical power densities and lack of
mechanical moving parts [4]. It works based on the principle of a
temperature difference between a hot emitter and cold collector separated
by a small vacuum gap. In this case there would be one-way stream of
electrons emitted from the emitter into the collector, which forms
thermionic emission current across the gap and indirectly converts heat
into electricity. Many applications would benefit by emission of electrons
thermionically, such as space propulsion, high power electronics and direct
thermal-to-electrical energy conversion [5-9]. For example, many
researchers have strived to produce solar panels for harvesting energy [10-
15]. The light from the Sun can be concentrated and used as a heat source
to heat the emitter and when it reaches the threshold temperature,
electrons will start to be emitted into the vacuum region and collected by
the collector. Such a thermionic solar convertor has no mechanically

moving parts, thus lowering the maintenance cost.

The idea of thermionic emission as a tool for harvesting electrical
energy is not new, the TOPAZ program in 1991 [5] developed by Soviet
Union and United States, used thermionic emitters mainly for powering
their satellites. At that time, most of the emitters used were made from
transition metals such as Mo, Ni, Ta, Rh and W. Unfortunately, most of
these thermionic emitters required working temperatures above 1000°C
[16-21]. This high working temperature limited almost all usage of Earth-
based applications. The research into thermionic emission applications

started to take off when diamond began to be used as the emitter. A low
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threshold temperature (<700 °C) was recorded by Nemanich and co-workers
when nanocrystalline N-doped diamond acted as the emitter in their
thermionic emission setup [22,23]. Later, various parameters were
explored to try to improve the current density yield and reduce the
threshold temperature. Some of the keys parameters behind the reason for
using diamond structure were due to its large band gap and the ability of
the diamond surface to exhibit negative electron affinity (NEA). However,
some challenges need to be overcome to work at lower threshold
temperature while harvesting high current density. Current research
focuses on the resistance at the interface layer between diamond and the
substrate, the contribution of the substrate work function and Fermi level
to the total work function of the emitter, and the effect of dopants

incorporated into diamond films [11,22,24,25].

In this chapter, a series of Li-N co-doped diamond films was tested to
investigate the potential of these co-dopants in enhancing the thermionic
emission from diamond. Previously, both theoretical calculations (Chapter
5) and two-point probe measurements (Chapter 4), suggested that Li-N
co-doped diamond films might not act as good emitter due to their low
room-temperature conductivity. However, at high temperature these
materials are expected to become more conducting and may be useful in

thermionic emissions.

6.2 Experimental

6.2.1 Preparation of Li-N Co-Doped Diamond

Li-N co-doped diamond films were prepared in the same manner
discussed in Chapter 4. LisN powder and NH3 gas were used as the dopant
precursor. The substrates used in this experiment were 1 cm? Si wafers and
W foils. W foils were used in this study to investigate the effect of different
substrate conductivity on the thermionic emission of the diamond films.

Nitrogen-doped diamond, as the initial diamond layer, was grown on top of
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the chosen manually abraded substrate. The diamond films were grown
using the optimised N-doped diamond growth conditions (0.33% NH;/H;
atmosphere) developed previously. Then, 100 pl of LisN suspension in
chloroform were drop cast onto the surface of the nitrogen-doped diamond
films. Next, the films underwent hydrogen treatment for an hour inside the
HFCVD reactor. Finally, an undoped capping layer was overgrown on top of

the films to ensure full encapsulation of Li and N atoms inside the films.

The films also underwent a MW-CVD hydrogen-plasma treatment at
Arizona State University after the testing inside the thermionic emission
kit. This procedure was done to compare the effect of hydrogen-terminated
Li-N co-doped diamond films with the as-grown surface of the films. The
films were exposed to hydrogen plasma at 50 torr for 15 minutes. The

temperature recorded by the thermocouple was 550 °C.

6.2.2 Thermionic Emission Measurements of Li-N Co-doped Diamond Films

Thermionic emission measurements were done at Arizona State
University (ASU) with the help from Mr. Franz Koeck. The electron emission
characterisation was performed in an in-house custom-built ultra-high
vacuum (UHV) system. The base pressure for all measurements was kept at
1.8x10"° torr. The anode (collector) was made from mirror-polished Mo
metal and moveable in all three spatial directions. The sample stage was
heated radiatively by resistive heating of a W coil. Care was taken to
ensure there would be no electrical contact between the W coil and sample
stage to avoid current leakage. The leakage may lead to error of the
recorded measurement up to 50%. The resistive heating could increase the
temperature of the sample up to 1000°C but to prolong the life-time of the
W coil, most of the measurements were kept below 800°C. The
temperature readings were recorded using a 2-colour pyrometer. During
the measurement, positive bias was applied on the anode (collector) to
overcome the space-charge effect that occurred in the vacuum gap

between the emitter and collector. The electron emission current and
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applied bias was controlled by a Stanford Research |/V source. The sample
was attached onto the sample stage using custom-made Mo sample holder
as depicted in Figure 6.1. The distance between the emitter and the
collector was fixed at 0.75 mm. The diamond films were tested up to
maximum temperature of 620°C and the current measurements were

recorded at every 10°C interval.

Figure 6.1: Custom-made sample holder used to hold Li-N co-doped diamond film grown on W

substrate for thermionic emission experiment.

6.2.3 UPS and XPS Analysis of Li-N Co-doped Diamond Films

This study was done in-situ in ASU by using an integrated UHV system
consisting of X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet
Photoelectron Spectroscopy (UPS) instruments that were connected with
the UHV transfer line. These studies were done on a separate vacuum line
to the Thermionic Emission kit. Hence, precautions were done to minimised
possible surface contamination during transport. XPS analysis was done for
core level analysis and elemental characterisation while UPS was done for
electronic structure analysis. The annealing process was done in the UPS

instrument with the UHV transfer line connected between both of the
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instruments. This ensures that there was no surface contamination due to
the limited exposure of air or other organic impurities during the transfer

between both instruments.

UPS spectra were obtained using the He | line at 21.2 eV from a He
discharge lamp. The spectra were recorded by a VSW HA50 hemispherical
analyser and VSW HAC300 lens controller that operated at a resolution of
0.1 eV. A negative bias (8 V) was applied to the substrate to overcome the

work function of the analyser.

XPS analysis was performed using the 1256.6 eV Mg Ka line of a VG
XR3E2 dual anode source and VG microtech Clam Il analyser operated at a

resolution of 0.1 eV.

Spectra collected by UPS and XPS were referenced to the Fermi level
of the metallic sample holder which was calibrated against a standard gold
sample. All characterisation and analysis was done in ASU with help from

Dr. Tianyin Sun.

6.3 Results and Discussion

6.3.1 Thermionic Emission

The thermionic emission data were fitted to the Richardson-
Dushman’s equation (Equation 6.1). From the equation, the work function
of each emitter was calculated. The effect of a hydrogen terminated
surface, nitrogen content and the nature of the material used as a

substrate are discussed in the following section.

6.3.1.1 Effect of a Hydrogen Terminated Diamond Surface

Figure 6.2 shows the thermionic emission data of Li-N co-doped

diamond films with two different surfaces, the as-grown surface and after
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hydrogen plasma treatment. The data were taken over a temperature
range from 700 K to 910 K. The as-grown surface did not exhibit high
current density. For this experiment, the threshold temperature was
defined as that required to produce a current density of at 0.1 pA cm™. The
film started to emit thermionic electrons at 900 K. The maximum current

density observed at 910 K was 1.15 pA cm™.

After the same diamond film underwent hydrogen plasma treatment,
the threshold temperature reduced to 800 K and the current increased
exponentially to a value of 121.54 pA cm? at 900 K. The current density
improved by more than 100 times after the diamond film was exposed to
hydrogen plasma. The existence of hydrogen atoms on the diamond surface
creates an NEA surface that enhance the dipole moment at the surface
[26]. This dipole moment was responsible for attracting more electrons
from the bulk of the diamond to the surface. From the Richardson fitting,
the work function of the hydrogen-terminated Li-N co-doped diamond film
was 3.62 eV. The work function calculated was the effective work function
of the whole material, consisting of substrate (Si), SiC at the interface
[27,28] and the diamond film. The thickness of the diamond film was ~ 1
pm and the thickness of the substrate used was ~ 550 pm. In addition to
that, the thickness of SiC layer was suggested by previous findings to be
between 100 to 200 nm [27,28]. Typical n-type Si has a work function of
~4.70 eV [29] and deep n-type diamond with an NEA surface may exhibit a
work function of ~1.6 eV [1,30,31]. Based on the Li-N co-doped diamond
analysis in Chapter 4, the concentration of N atoms was much larger than
that of Li atoms. Thus, the diamond film in this study can be classified as
being similar to nitrogen-doped diamond films with deep-donor
characteristics. From the work function obtained from the Richardson
fitting to the data, we can see that the diamond film has had some effect
in reducing the work function of the whole emitter structure even though
the diamond layer was very small compared to the thickness of n-type

silicon substrate.
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Figure 6.2: Thermionic emission data from a Li-N co-doped diamond film with an as-grown
surface and after hydrogen plasma treatment. The diamond film was grown with 0.33% NH; gas

present in the hydrogen atmosphere.

Figure 6.3 illustrates the |-V curve produced from the Li-N co-doped
diamond film with a hydrogen terminated surface at 900 K. This plot is
essential to ensure the space-charge effect was minimised throughout the
experiment [32]. The presence of space-charge may give a pseudo-current
reading from the thermionic emission kit. The electron cloud that exists
near the surface of the diamond film will repel any incoming electron back
to the diamond surface [33]. A positive potential across the collector will
attract the electron to the collector and reduce the probability of
formation of electron clouds. In Figure 6.3, a minimum of 1 V was needed
to reduce the space-charge effect, which can be seen as the point at which
the current detected first increased above the background level. With 12 V
applied across the emitter and collector, the detected current started to
saturate. This indicates that the space-charge effect was reduced to its
minimum effect. For extra precautions, 20 V was applied in all subsequent

measurements to ensure the space-charge effect did not interfere with
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data collection and analysis. 20 V was applied across the 0.75 mm gap
between the emitter and collector resulting in an electric field of 0.027
V/um. This electric field was small enough that there was no possibility of
emission of electrons by field emission. For comparison, typical B-doped
diamond and undoped diamond start to emit field emission electrons at
electric fields of 10-15 V/um and 15-25 V/um, respectively [34-37].
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Figure 6.3: I-V curve of Li-N co-doped diamond film with hydrogen terminated surfaces at 900 K.

6.3.1.2 Effect of Different Nitrogen Content in Li-N Co-doped Diamond

Films

Figure 6.4 shows the thermionic emission data from Li-N co-doped
diamond films with two different N atom concentrations. The diamond
films were grown with 0.33% of NH3 gas and 0.26% of NHs gas, respectively.
The 0.26% sample had a threshold temperature of 870 K with the maximum
current density of 32.32 pA/cm? detected at 928 K. The higher-nitrogen-
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content diamond film (0.33% NHj3) exhibit lower threshold temperature (800
K) and the current detected at 900 K for this film was 121.54 pA/cm?. By
having higher nitrogen content, the current produced from thermionic
emission at 900 K was 70 times better. A similar pattern was observed in
nanocrystalline nitrogen-doped diamond films grown by Suzuki and co-
workers [22]. The highest current density emitted from their
nitrogen-doped samples was 700 pA/cm? for a film with 2.7x10%° of N atoms
per cm®. For N concentrations lower than this the current density started to
reduce. This may be due to the reduction of available donors in the
diamond film to donate extra electrons into the diamond lattice. The
reduction may also be due to there being fewer N atoms in the diamond
grain boundaries that are believed to be essential in reducing the electrical
resistance of the diamond. Previous researchers investigated the effect on
thermionic emission of different crystallinities (SCD and NCD) of N-doped
diamond, and it resulted in lower current density when the films had higher
sp®> carbon fraction [12,22]. However, if the sample surface was
reconstructed to produce a higher sp?/sp’ ratio with the formation of
amorphous carbon, it decreased the thermionic emission current density
[38]. Hence, grain boundaries do play a role in improving the thermionic

emission of diamond films.
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Figure 6.4: Thermionic emission from Li-N co-doped diamond films with hydrogen terminated

surfaces grown with different amounts of NH; present in the hydrogen atmosphere.

6.3.1.3 Effect of Different Substrates Used for Growing Li-N Co-doped

Diamond Films

Two types of substrate material with different conductivities were
used as the substrate for the diamond film growth, a semiconductor and a
metal. An N-type Si (100) wafer was used as the semiconductor substrate
and W foil (Goodfellow, 99.9% purity, 0.25 mm) was used as the metallic
substrate. W foil was used as a model in this study to investigate the effect
of substrate conductivity. Various other metallic substrates such as Rh and
Mo were used in previous work by other researchers [25]. Figure 6.5
illustrates the thermionic emission from Li-N co-doped diamond films with
a hydrogen-terminated surface grown on the two types of substrate. The
Li-N co-doped diamond films were grown using the standard procedure
described in Chapter 4 and subsequently terminated with H atoms in the

MW plasma system at ASU to obtain an NEA surface.
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From Figure 6.5, at 900 K the diamond films grown on the Si
substrate emitted 1.21x10* A/cm? current compared to 3.35x10 A/cm?
emitted by the diamond films grown on W substrate. Interestingly, the
threshold temperatures exhibited by both films were almost the same
(~800 K). This indicates that there were no changes in the electron
emission behaviour near the surface as the electrons started to be emitted
into the vacuum at a similar energy. However, the total work function of
both emitters was different. The diamond/Si emitter exhibited a work
function of 3.62 eV while the diamond/W emitter exhibited a work function
of 2.87 eV. The reduction of the overall work function of the emitter using
a metallic substrate was in agreement with results from previous
researchers [25] who suggested that this was due to the lower electrical

resistance at the diamond-substrate interface .
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Figure 6.5: Thermionic emission of Li-N co-doped diamond films with hydrogen-terminated

surface grown on 2 different substrates.

However, based on Richardson-Dushman’s equation, when an emitter

possesses a lower work function, the current density produced should be
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higher than that from a higher-work-function emitter. In this study, this
was not the case. This issue was probably due to the inhomogeneity and
non-continuous nature of the diamond film grown on the W substrate, as
depicted in Figure 6.6. The manual abrasion technique may not be a
suitable seeding technique for diamond growth on metal substrates as it
abrades the substrate non-uniformly. By having less diamond coverage on
the substrate, it reduces the amount of carriers that were available in the
emitter. Hence, this reduced the number of electrons emitted from the
emitter i.e. the current density. This could be solved by using the
electrospray method or the self-assembly technique during the seeding
process to ensure better coverage of diamond seed prior to the diamond

growth process.

Figure 6.6: Li-N co-doped diamond film grown on a W substrate showing the non-uniformity of

the diamond film across.

In addition, by changing the substrate from a semiconductor to a
conductive metal, it eliminated the high resistance of Si. Lower resistance
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substrate will improve the movement of the electrons throughout the
material before the electrons reach the diamond and its surface. Nemanich
and co-workers achieved low-work-function emitters by combining a
molybdenum disk as the substrate, MoC carbide (a low resistance material)
as the thin interface layer and mixture of UNCD/NCD films with an NEA
surface as their emitter [39]. Other groups, such as Paxton and co-workers
[11] also used Mo as their substrate and grew B-doped MCD for their
emitter. With boron as the dopant, the emitter started to emit 0.2 - 0.6 nA
current between 1313 K and 1393 K [11]. This suggests that p-type diamond
was not a good candidate for an emitter due to the higher operating
temperatures required. For a better comparison, Koeck and co-workers also
studied the thermionic emission from phosphorus-doped MCD [24]. They
achieved a lower work function (0.9 eV) compared to the Li-N co-doped
diamond presented here, although at 900 K, the Li-N co-doped diamond
exhibited higher electrical current density (121 pA cm™) compared to that

from the phosphorus-doped diamond (-70 pA cm?) [24].

Comparing Li-N co-doped diamond with B-doped, N-doped diamond
and P-doped diamond, it is clear that Li-N co-doped diamond films provide
similar performance as a thermionic emitter. This was only a preliminary
study with a limited number of Li-N diamond films available for these
thermionic tests. Further improvements to the deposition and doping
processes should enable the thermionic emission properties to be
improved, and perhaps become direct competition for the nanocrystalline

emitters produced by Nemanich and co-workers [25,39,40].

The Li-N co-doped diamond film grown on Si using 0.33% NH; gas
during growth process and terminated with H atoms, was chosen as the
best sample for thermionic emitter application in this study. Further
analysis was done using UPS and XPS instruments to determine the surface
work function and elements that were present on the surface and sub-

surface of the material.
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6.3.2 Ultraviolet Photoemission of Li-N Co-doped Diamond Film

UPS measurement was done on Li-N co-doped diamond film to
determine the value of its surface work function and the nature of the
surface electron affinity. Figure 6.7 shows the UPS spectra from the Li-N
co-doped diamond film with an H-terminated surface. The surface work
function of the diamond film before any annealing treatment was 2.79 eV
and the VBM value was 2.58 eV. Adding the work function to the VBM value,
it gives information on the gap between the VBM and the vacuum level. For
this particular diamond film, the gap was 5.37 eV. The band gap of
diamond -~5.45 eV, which suggests that the surface possesses NEA
of -0.08 eV as the vacuum level is situated lower than the CBM of diamond.
In addition, the surface work function of 2.79 eV suggests that the dopant
energy level near the surface was in a deep donor state. This can be
explained by the undoped diamond capping layer of the material, as shown
in the SIMS depth profile in Chapter 4, and the theoretical cluster
calculation in Chapter 5. The surface of the Li-N co-doped diamond did not
contain many dopant atoms compared to the bulk structure itself. Thus, it
leads to the reduction in the amount of electrons that can act as carriers

and reduce the Fermi level on the surface of diamond film.
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Figure 6.7: UPS spectra of Li-N co-doped diamond film (0.33% NH3;) with H-terminated species
annealed at various temperatures. The spectra were taken after the temperature of the films
reduced to less than 100°C.

After the annealing treatment, even as low as 250°C, changes in the
surface work function started to be visible. The surface work function
remained constant throughout the various annealing temperatures after
being annealed at 250°C as depicted in Figure 6.7. In addition, the VBM of
the material remained constant at 2.58 eV and had no temperature effect
from the annealing process. The total gap between the vacuum level and
the VBM reduced to 4.57 eV after the annealing process. The reduction of
the surface work function may due to desorption of surface impurities such
as moisture, CO gas, CO; gas and other organic moieties that inhibit the
NEA property. The intensity of the NEA increased with respect to the
temperature. Thus, it is important to ensure that the surface of the
diamond films were cleaned during the thermionic emission measurement
as the effect may interrupt the interpretation of the result based on
Richardson-Dushman’s equation due to the changes of NEA intensity with

respect to the temperature.
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6.3.3 X-Ray Photoemission of Li-N Co-doped Diamond Film

XPS measurements were done to characterise the elements that
were present on the surface and sub-surface (few atomic layers) of Li-N co-
doped diamond. The diamond used in this section was similar with the
diamond film examined by UPS (see Section 6.3.2). From the XPS survey
scan illustrates in Figure 6.8, C 1s core and O 1s core were the only species
present on the surface and sub-surface region. There was no metal
contamination detected on the surface suggesting that was no cross-
contamination from the steel growth chamber or from the Ta filament
during growth process. This result supported the EDX analysis in Chapter 3
showing that previous contamination difficulties had been overcome. The N
and Li elements were not detected due to the amount incorporated inside
the diamond film were significantly smaller (~0.01% - 0.1%). In addition,
XPS instrument could only detect element with atomic number, Z higher
than 3 (Li). Hence, H and He elements were difficult to detect using this

method.
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Figure 6.8: XPS survey scan of a Li-N co-doped diamond film (0.33% NH;) with H-terminated

surface.

Figure 6.9 illustrates the XPS spectra of C 1s core and O 1s core
elements from Li-N co doped diamond film. There were only two elements
detected on the diamond surface. The band offset for the 1s core level of
carbon and the diamond VBM was approximately 282.8 eV. This value
agreed with the XPS result upon investigation of an epitaxial diamond in
which the band offset was recorded at 283.1 eV [41]. Surprisingly, there
were O species present on the diamond film surface. The diamond film
then underwent annealing treatment at 650°C in vacuum and XPS analysis
on the O 1s core level was repeated. However, O was still present,
eliminating the probability of water moieties or other O-species that were
responsible for the initial signal before annealing process, as most of
O-containing molecules would desorb at 650°C. This suggested that the O
atoms were bonded directly onto the diamond surface. This was surprising
as O should not be present on the surface during the growth process. The

only possibility of the surface seeing O was during the transport from the
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growth chamber in Bristol, UK to the analysis centre in Arizona, USA, due to

the breaking of the vacuum system in between the two instruments.
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Figure 6.9: XPS spectra of (a) C 1s core and (b) O 1s core element of a Li-N co-doped diamond
film (0.33% NH3;) with H-terminated surface.
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From the XPS observation, the UPS analysis discussed in Section 6.3.2
did not resemble a uniform H-termination but it consists of both H and O
species. However, it is believed that the surface was dominated by H atoms
due to the existence of the NEA surface. If O atoms dominated the surface,
PEA behaviour should be observed from the spectrum taken from UPS

instrument [42], which was not the case.

6.4 Conclusions

Electrical measurements were successfully obtained from Li-N
co-doped diamond films using a Thermionic Emission System based at ASU.
Li-N co-doped diamond films grown on top of Si substrates with high N
content and NEA surface exhibit the highest current density with a value of
1.21x10* A/cm? at 900 K. Thus, these Li-N co-doped diamond films show
great potential as thermionic emitters, and future development is needed

to improve the doping procedure and optimise the emission properties.

From this study, it is essential to have an NEA surface compared to an
as-grown diamond film, which failed to emit any electrons from its surface.
Metallic substrates showed a lower work function compared to
semiconductor substrate but due to the non-uniform and non-continuous

surface, the current emitted from the surface of this film was smaller.

UPS analysis suggested that the Li-N co-doped diamond film prepared
had a deep donor property near the surface of the material. The material
possessed a NEA surface due to the termination by H atoms on the diamond
surface. The NEA surface was thermally stable at high temperature
(650°C). XPS analysis showed no cross-contamination from metals present
in the growth chamber were observed. However, the surface was
contaminated by O impurities. At the first, the impurities was suspected to
be coming from water molecules or other organic moieties but the O atoms
remained on the surface after undergo 650°C annealing process. This

suggested that the O atoms were chemisorbed onto the diamond surface
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and had formed strong bonds with the C atoms. Thus, the diamond surface
consists of a mixture of H atoms and O atoms, but H atoms remain as the
dominant species on the diamond surface due to the NEA property observed

from UPS measurement.
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Chapter 7:Metal-Oxygen Termination on  Boron-Doped

Diamond Films

7.1 Introduction

Negative electron affinity (NEA) (see Section 1.8.1) has been proven
theoretically and experimentally to be essential in activating a diamond
surface for various purposes [1-4]. Without the presence of NEA, the
electron from the diamond conduction band will experience a potential
barrier which needs to be overcome (by heat, photons, or an applied bias)
before the electron can be emitted into the vacuum. Normally, CVD
diamond will have a hydrogen terminated surface after being exposed to an
H-containing plasma [3,5-7], which imparts NEA to the surface. However
the H atoms from the surface can be easily desorbed into the gas phase at
higher temperature (650°C and above) [8,9], and the NEA is lost as well. In
addition, the H atoms could also be replaced by O atoms using various
techniques such as wet-chemical oxidation (acid washing) [6,7,10,11],
ozonolysis [12-14] and oxygen-plasma treatment [15,16]. When O atoms
replaced H atoms on the diamond surfaces, the NEA characteristic will be
converted to positive electron affinity (PEA). For an NEA surface, the usual
requirement is that there is a surface dipole where the outer atomic layer
is positively charged while the inner carbon layer is negatively charged.
This is the case with C-H bonds. The opposite is true for PEA, such as the
oxidised surfaces, where the outer O atoms are slightly negative whereas
the inner carbon is positive. Thus, the relative electronegativity of an
atom relative to that of C can be used as a guide to determine whether a
surface termination might give PEA or NEA. For example, the halogens all
have much greater electronegativity than C, and from experiments it is
known that chlorinated and fluorinated diamond surfaces exhibit strong
PEA [7]. The problem for NEA is that it requires strongly electropositive
atoms to terminate the surface, and most of these are metals which do not
form stable monovalent bonds with carbon. Nevertheless, a trick was found

whereby the electropositive metal (such as Na or Cs) could be added to an
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oxygenated diamond surface to form a ‘salt’ on the surface, such that the
surface layer looked like -C-O-Cs [17,18]. Since the outermost layer is the
electropositive metal, the structure still exhibits NEA. In this case the

surface bonds contain quite a good deal of ionic character [15,19-21].

The problem with hydrogenated surfaces being unstable at high
temperature jeopardises many promising applications involving electron
emission from diamond, such as thermionic emission, field emission and
secondary electron emission (where too much emitted current causes local
heating which desorbs the H layer). In the case of thermionic emission,
when the H atoms start to desorb from the diamond surface the thermionic
current starts to drop and often the emitter will fail shortly afterwards
[8,9,22-24]. Theoretical studies have searched for possible thermally stable
alternatives to H atom termination. Following on from the early work using
CsO and NaO salts, Cu, Ti, Ni and Co metals were studied by ab initio
computational techniques to determine if they would produce an NEA
surface. All four transition metals were found to induce a NEA surface.
However, the results were dependent on the ability of the metals to form a
carbide layer with the diamond surface. Due to the inability of Cu and Ni to
form a carbide layer, their NEA were lower than Ti and V metals. Ni and Cu
showed NEA properties when one atom layer of coverage of metal was
applied on the diamond surface giving NEA values of 0.29 eV and 0.55 eV,
respectively. In contrast with Ti and V metals, one atom layer coverage of
metal will lead to low NEA value and the optimum metal coverage was
predicted to be at 0.25 of atom layer coverage. At 0.25 layer coverage, Ti
exhibits an NEA of 3.64 eV while V only produced 1.15 eV of NEA. These
findings suggested that Ti metal will show a promising NEA surface [20,21].

One of the challenges in producing metal-oxygen terminated diamond
films is to be able to produce thin coverage in the form of an atomic layer
(<10 A) of the chosen metal on top of the diamond surfaces. The standard
way to achieve such thin layers is to use Atomic Layer Deposition (ALD) [25-
27], however this is expensive and requires specialised apparatus that is

not available in many laboratories.
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In early 2010, Li-O-terminated diamond was proposed to possess NEA
characteristic on C(100) surfaces with a work function shift of -4.52 eV with
one mono atomic layer coverage of Li atoms [19]. Later O’Donnell and co-
workers successfully prepared air-stable Li-O terminated diamond films
with a controllable atomic layer coverage [15]. 0.4 A and 2.8 A of Li atoms
were deposited on to O-terminated diamond films followed by annealing
process at 800°C proven to provide sufficient energy to enhance the NEA
characteristic on the diamond surface. However, during the analysis care
needed to be taken before a conclusive NEA characteristic could be
appointed to any diamond surface. Figure 7.1 depicts the band schematics
of a ‘true NEA’ and an ‘effective NEA’. An effective NEA describes the
condition whereby the vacuum level is situated between the CBM of the
bulk material and the CBM at the surface, and the electron affinity, X, (see
Section 2.7.2) is between 0 and 0.7 eV [15]. Electrons at the CBM
approaching to the surface have certain chance to be emitted into the
vacuum level without encountering any energy barrier. However, a more
efficient electron emission process is expected with a true NEA
characteristic whereby the vacuum level lies below the CBM of the material

at the surface.
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Figure 7.1: Band schematics of (a) an effective NEA and (b) a true NEA.

This study will investigate the potential of creating stable NEA
surfaces by combining metal with oxygen-terminated diamond films. Once

the optimum metal-oxygen termination was determined, the method was
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applied to the Li-N co-doped diamond films (see Chapter 4) to compare
their thermionic emission properties with those from a hydrogen-

terminated diamond.

7.2 Experimental

The technique used in this investigation utilised the top-down
approach. An initial thick (-20 nm) layer of the metal of interest was
deposited onto a boron-doped diamond (BDD) substrate. Then, a series of
washing techniques were developed to selectively wash the metal layer
without removing the metal-oxygen layer. Next, the metal-oxygen
terminated BDD underwent X-ray Photoelectron Spectroscopy (XPS) analysis
to ensure the metal-oxygen layer was still present on the surface. Finally,
the sample was annealed to chemically bond the metal-O-C together, and
then analysed using Ultraviolet Photoelectron Spectroscopy (UPS) for

electronic structure analysis.

Ideally, n-type diamond would be used for electron emission
experiments, but these are not yet commercially available. Therefore, p-
type BDD films were chosen because they were commercially available as
free standing films with the appropriate thickness, and are electrically
conducting [28]. The BDD used in this experiment were supplied by
Element Six (electrochemistry grade) with dimensions of 10 mm x 10 mm x
0.6 mm and with one sided polished. Prior to use, these substrates were
washed in a mixture of sulfuric acid and potassium nitrate at 180°C to
remove any impurities including metallic particles and graphite that may be

produced during the cutting & polishing process at the factory.

Then, the BDD films underwent ozonolysis treatment using a UVO
cleaner 42A-220. The cleaned BDD films were placed on top of the metallic
tray and were exposed to a UV lamp (220 nm) for 30 minutes to create
oxygen-terminated surfaces. Dr. Tomas Martin confirmed the improvement

of oxygen-terminated surface via this method by wettability experiment
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[29]. The contact angle of the diamond reduced after the surface being

exposed in ozone atmosphere by at least 10°.

7.2.1 Thermal Deposition of Metal on Oxygen-Terminated BDD Films

Cr, A, Zn, Ti and Mg metals were used in this experiment. Zn and Ti
was chosen because the semiconducting characteristics of their oxides [30].
The semiconducting property may lead to enhancement of the NEA on the
diamond surface. Mg was chosen due to the success of lithium-oxygen
termination in providing an NEA surface [1,15,19]. As Mg has a diagonal
relationship with Li in the Periodic Table, it might react with a diamond
surface in the same way as Li [31]. Cr was chosen to investigate the effect
of transition metals, while Al was used to observe the effect of its

amphoteric oxide properties.

Cr and Zn were used in chunks (-3 mm) while Al and Ti were used in
the form of wires. All metals had 99% purity and were supplied by
Goodfellow Metals. Mg strips (BDH, 99%) were used in the experiment with

prior treatment using sandpaper to remove any unwanted oxide layer.

A bell-jar thermal evaporator (see Section 2.8) was used to deposit
the metals of interest onto BDD substrates. Firstly, the metal
chunks/wires/strips were placed into or wrapped around a tungsten
filament, which was shaped into a coil. The BDD substrates were placed 10
cm below the filament. Then, the chamber was pumped down using a
diffusion pump to a base pressure of 5x10° torr. Once it reached the
pressure, 15 to 40 A of current (depending on the metal used) were passed
through the filament, causing it to glow white hot. The metal in contact
with the filament evaporated at a constant rate, the speed of which could
be controlled by the current. The deposition ended when ~20 nm of metal
was successfully deposited on the BDD surface. The thickness was
monitored by Agar thickness monitor (quartz crystal) positioned next to the

substrate.
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Each set of metal deposition experiments was done separately to
avoid any cross-contamination inside the chamber. After each deposition,
the chamber was cleaned with methanol and acetone. Before next
deposition began, layers of Bell-Bright polymer were sprayed inside the

glass bell jar to create polymeric coating to ease the next cleaning process.

7.2.2 Removing Excess Metal

The evaporation procedure deposits a layer that is much too thick -
ideally only a monolayer of metal is nheeded. Therefore the excess metal
has to be removed. For Li this was done by simply washing with water - the
Li was sufficiently soluble/reactive that any atoms that had not bonded to
the oxygen were removed easily [29]. However, for other metals, acid
needed to be used to remove them. To find out what type of acid, and at
what concentration was required, a preliminary study was done. 0.5 g of
each of the metals (chunks, wires or strips) were inserted into individual
vials. Then, 10 ml of 1M HCl was pipetted into the vials. Next, the vials
were heated in an oil bath at 100 “C. The time taken for all the metal to
completely dissolve was taken. It was found that all the metals dissolved
within 2 hours after the reaction started. However, extra precautions
needed to be taken for Ti metal, which required a longer reaction time (4
hours) with more concentrated HCl acid (4 M) to dissolve the metal

completely.

This process needed to be selective towards the removal of excess
metal and not their oxide. Thus, the same procedure was repeated with
their respective oxides. Ti,03 (purple powder) and Cr,03 was prepared by a
calcination process of their parent metals for 1 hour at 550°C with a
heating rate of 5°C/min. AL,Os; (Reidel-de Haén, 98%, <250 pm), ZnO
(Sigma-Aldrich, 99.9%, <1 pym) and MgO (Fine Chemicals, 99%, <250 pm)
were used without further treatment. When the same experiment was
repeated, all the metal oxides dissolved instantly except Ti;0;, Cr,03 and

AL,O;. Thus, the selective etching method was deemed suitable to remove
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Ti, Cr and Al selectively without removing their oxides but a different

method was required for Mg and Zn metals.

Zn metal is known to dissolve in organic solvents such as methanol
and glycerol but is insoluble in water [32]. When lodine was added into the

Zn-methanol mixture, Znl; is formed, as shown in Equation 7.1.

n(s) + la(s) = Znl; (7.1)

In addition, Znl, is soluble in water and this makes the washing
process easier. 8.5% w/v of |; in ethanol was prepared by dissolving 0.85 g
of iodine crystals (Fisher Scientific, 99.9%, <2 mm) in 100 ml of ethanol.
The solution was sonicated for 10 minutes in the ultrasonic bath resulting in
the formation of a brown solution. Then, 10 ml of this solution was
pipetted into a vial filled with 0.5 g of Zn powder. This mixture was then
sonicated for 1 hour and the time taken for the Zn metal to completely
dissolve was written down, and any changes in the colour of the brown
solution was noted. The same experiment was repeated with ZnO powder

to ensure the selectivity of the reaction.

After an hour in the ultrasonic bath, the Zn metal dissolved
completely and the colour intensity of the brown solution reduced greatly.
This suggests that the concentration of iodine inside the solution was
reduced due to the formation of Znl, as shown in Equation 7.1. However,
no change could be observed when Zn metal was replaced with ZnO
powder. The white ZnO powder remained inside the solution and the colour
intensity of iodine solution remain unchanged. Thus, this procedure was
deemed to be successful for selectively removing Zn in the presence of
Zn0.

The same experiment was repeated for Mg metal. It is known that
Mg dissolves in organic solvents, especially in alcohol, as this is the basic

step in preparing Grignard reagents. lodine was still used but its role was
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different. In this experiment, iodine acts as a catalyst and is not involved in
the formation of the final product [32]. The expected final product is
magnesium ethoxide (Mg(OCHjs);). After 1 hour of sonication, the Mg strip
was still present and no significant change was observed. Thus, the
experiment had failed, and a different method needed to be developed in

order to selectively remove excess Mg metal from the diamond surfaces.

Various techniques was tried, such as dissolving Mg metal in double
deionised water or using a variety of mineral acids with different
concentrations. With double deionised water it took 72 hours for the Mg
metal to start showing visible signs of dissolution but it was still not
sufficient to etch away all remaining metal from diamond surfaces. Later,
HNOs;, H,S04 and HCL with various concentrations ranging from 0.01 M up to
1 M were used to dissolve Mg. The higher the concentration used, the faster
both Mg and its oxide dissolved in the acids at room temperature. Finally, a
concentration of 0.005 M of H,SO4 at room temperature with less than 5
seconds washing time was chosen as the best method to selectively

removed Mg metal and not its oxide.

Having developed a range of selective etching techniques to remove
excess metal in the presence of their oxides using bulk metals, the next
step was to use these methods on freshly deposited metal-oxygen BDD
substrates. Because the quantities of metal involved were now so small,
success of these etching processes on the metal and oxide films could not
be determined by eye, and so XPS and UPS were used. This was done
before and after thermal annealing to see if the C-O-Metal structure had

been chemically bonded on the surface.

7.2.3 Elemental Analysis using XPS

All washed samples were analysed in the XPS instrument (see Section
2.7.1) at ASU, Arizona, USA, with the help from Professor Robert Nemanich

and Dr. Tianyin Sun. Sample preparation, data recording and sample
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analysis were done by Dr. Tianyin Sun with help from the author. The XPS
measurements were done under high vacuum (~4.5x107 torr) with Mg used
as the X-ray source. XPS survey scans and elemental scans were taken
before any annealing treatment for all samples, which were then followed
up by UPS surface analysis. If changes were observed in the UPS scan after
annealing, an additional XPS scan was done immediately to observe the

changes in the binding energy of the surface species.

The sample transfer from the XPS instrument to the UPS instrument
was done using UHV transfer line (-10° Torr) to make sure the vacuum

environment was sustained and to avoid any contamination in air.

7.2.4 NEA Stability Determination using UPS

A home-built UPS spectrometer (see Section 2.7.2) with a He | UV
light source based in ASU, Arizona, USA was used in this experiment. The
working vacuum while measuring the photoemission was set at ~1x10 torr.
A ~-10° angle tolerance was measured between the detector and the
sample. 8 V of bias voltage was applied to overcome the work function of
the detector. The scan rate was set to 0.01 V/s and the resolution was
tuned between 0.10 and 0.15 eV. The work function of the detector was set
to4.2 eV

After the 1°* scan at room temperature (~25°C), the samples were
annealed at various temperatures, starting from 250°C, 350°C, 450°C,
550°C and 650°C. All annealing processes were done for 30 minutes. The
samples were then cooled down to ~70°C before being scanned with the
UPS instrument. If any changes were observed during the scan, the sample
was transferred to the XPS instrument for elemental analysis to observe any

changes in the binding energy of the elements.

All sample preparation for measurements in the UPS system, data
recording and sample analysis, were done by Dr. Tianyin Sun with help from
the author.
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7.3 Results and Discussion

An oxygen-terminated BDD substrate was used as a control sample.
Any changes observed in both XPS and UPS spectra of metal-oxygen-
terminated diamond samples were compared to those from this control
sample. Figure 7.2 illustrates the XPS spectra recorded at room
temperature, before and after the annealing process at 650°C. From the
survey scan (not shown), only two elements (C and O) were present and no
other impurities were observed. This suggests that the surface of the
material was clean and contamination was minimised. Scans at specific
binding energies were done to obtain higher resolution of C and O peaks.
From Figure 7.2(a), the C 1s core peak with a binding energy of 284.7 eV
was recorded. After the sample was annealed at 650°C, no change in
binding energy was observed but the intensity of the carbon peak increased
to twice its previous value. This may due to the removal of surface
impurities such as water molecules and adsorbed gases [33,34]. The band
offset (Equation 2.3) between the 1s core level of carbon and the diamond
valence band maximum (VBM) was approximately 282.7 eV. The value was
smaller when compared with data recorded by other researchers who
obtained an offset value of 283.1 eV [35]. This may be due to a different
oxygen termination treatment used by their group. Oxygen plasma
treatment has better oxygen-termination coverage compared to the
ozonolysis treatment used in this study. Removing the impurities improved

the signal received by the detector.
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Figure 7.2: XPS spectra of (a) C 1s core and (b) O 1s core element of oxygen-terminated BDD
substrate (the control sample). The measurements were recorded at room temperature, before

and after annealing at 650°C.

The binding energy for the O 1s core peak was recorded at 532 eV. A
small shoulder peak was also observed at a higher binding energy (535.4

eV). In contrast with C, after annealing the sample at 650°C the intensity
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of O reduced by half. In addition to that, the small shoulder peak observed
at room temperature disappeared after the annealing process. The
disappearance of this shoulder peak and also the reduction in the intensity
of the oxygen peak is consistent with the desorption of water moieties and
other oxygen containing gases (CO and CO;). By removing the oxygen
containing molecules, the amount of O 1s core signal detected by the
instrument was also reduced, hence decreasing the intensity of the O 1s

core peak observed in the spectrum.
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Figure 7.3: UPS spectra of oxygen-terminated BDD sample recorded at room temperature,

before and after annealing.

Figure 7.3 depicts the UPS spectra of oxygen-terminated BDD control
sample recorded at room temperature, before and after the annealing
process. The work function calculated (see Section 2.7.2) for the sample
before the annealing process was 4.33 eV while the energy gap between
the VBM and the Fermi level was determined to be 2.00 eV. Hence, the
distance from the VBM of diamond to the vacuum level is 6.33 eV. The band

gap of diamond has the value of 5.45 eV [36]. By comparing both values,

197



this O-terminated BDD possessed a PEA surface because the vacuum level is
situated 0.88 eV above the conduction band minimum (CBM) of the
material. The Fermi level was nearer to the VBM compared to the CBM
suggesting that the material was still a p-type material. However, after
annealing, the cut-off energy shifted to give a lower work function (2.93
eV). In addition, the gap between the VBM and Fermi level also reduced to
1.10 eV and the total gap between the VBM and vacuum level decreased to
4.03 eV. This means that the vacuum level was now situated 1.42 eV below
the CBM. This means that the surface had changed from PEA to NEA. O-
terminated diamond is known to possess PEA [10], and the XPS spectrum in
Figure 7.2 confirm the existence of the O species, suggesting that O species

will still be responsible for any electron affinity properties on the surface.
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e —— Vacuum level
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o B oy
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Figure 7.4: Band schematics of O-terminated BBD films (a) before and (b) after annealing. O-

terminated BDD films before annealing exhibit PEA while after annealing exhibit NEA.

It should be noted that the NEA observed after annealing may not be
a ‘true NEA’. O’Donnell’s group and Takeuchi’s group have discovered a
variety of NEA behaviour on diamond surfaces, either the NEA behaves as
an ‘effective NEA’ or a ‘true NEA’ [11,15].

Takeuchi and co-workers also reported the possibility of oxygen-
terminated diamond films recovering its NEA after high-temperature
annealing due to replacement of O atoms with H atoms. The origin of the H

atoms remained unknown. Either the H atoms were trapped in the grain
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boundaries or it originates from the interstitial H atoms trapped in the
diamond lattice during growth process. We have evidence for H trapped in
polycrystalline CVD diamond from the SIMS spectra of the N-doped

microcrystalline samples in Chapter 2.

The results suggest that annealed oxidised diamond exhibits an
effective NEA surface. The reduced work function does not resemble the
expected work function for oxidised diamond. However, it cannot be ruled
out that the apparent NEA came from spurious sources, such as substitution
of the O by H, or by inadvertent contamination by metals (although neither

was seen in XPS).

7.3.1 Aluminium-Oxygen Termination

Figure 7.5 depicts the Al 2p3/2, C 1s and O 1s signals detected using
the XPS instrument on an Al-O-terminated BDD sample. The measurements
were taken at room temperature, before and after annealing at 650 °C.
From the survey scan (not shown), only three elements were observed,
which shows that the surface was clean from any contamination. The
detection of Al metal (Figure 7.5 (a)) suggests that the selective etching
method using HCl acid (Section 7.2.2) was successful. If none of the excess
Al metal were removed from the diamond surface, a low signal-to-noise
ratio spectrum would be observed compared to the spectrum shown in
Figure 7.5(a). After annealed, the Al metal was still present suggesting that
the layer was thermally stable at the annealing temperature. Because Al
metal normally melts at 660 °C, this shows that the Al must be strongly
bound to the surface, probably in the form of its oxide. Similar
observations were made for both C 1s and O 1s (Figure 7.5(b) & (c)). After
annealing, the C intensity increased while the O peak reduced. The peak
position of the C 1s core remained unchanged after the annealing process

with the maximum peak observed at 284.6 eV.
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Figure 7.5: XPS spectra of (a) Al 2p3/;, (b) C 1s and (c) O 1s elements of Al-O-terminated BDD

sample. The measurements were at room temperature, before and after annealing.

Figure 7.6 shows the UPS spectra of Al-O-terminated BDD sample
measured at room temperature after series of annealing processes. The
VBM of the diamond before annealing was 1.44 eV below the Fermi level
and it did not change after the annealing process. However, the work
function of the material reduced after the annealing process. The work
function remained unchanged at 4.09 eV from room temperature up to the
annealing temperature of 550°C. After annealing at 650°C for 30 minutes,
the work function of the material reduced to 3.61 eV. Combined with the
value of the VBM (1.44 eV), this indicates NEA occurs on the Al-O-
terminated BDD surface, with a gap of 5.05 eV between the VBM and
vacuum level. This suggests that 650°C is sufficient to allow Al to react
with the O-termination surface, and reconstruct into a more stable
structure. Similar observations were made on a Li-O surface after annealing
under UHV conditions [15].

201



I ' I > I
I 30 min annealed at: |
25 °C (RT)

B —— 350 °C 1
——350°C

——450 °C
——550°C i
650 °C

Intensity / arb. unit

¢p=3.61eV

I q,w4.09eV\

-25 -20 -15 -10 -5 0

Binding Energy / eV

Figure 7.6: UPS spectra of Al-O-terminated BDD samples measured at room temperature after

series of annealing processes.

From UPS measurement, UPS deduced Al-O-terminated BDD film
possessed an NEA characteristic. However, further analysis was done to
confirm whether it is an effective NEA or a true NEA. By applying the 282.7
eV valence band offset of diamond (Section 7.3), the VBM of Al-O
terminated BDD sample was deduced to be at 1.90 eV below the Fermi
level as depicted in Figure 7.7 With the band gap of diamond, E; = 5.45 eV,
this implies that as long as ¢ < Eg - 1.90 eV, the surface has NEA. From this
calculation, the vacuum level lies just above the CBM at the surface. Thus,
Al-O-terminated BDD film exhibit effective NEA behaviour.

202



CBM ~r————— Vacuum level

3.61 eV

Fermi level == == == == o= o= -
1.90 eV T
VBM

Figure 7.7: Band schematics of Al-O-terminated BBD film after annealing.

The measured binding energies of Al 2ps3;;, C 1s, O 1s and work

function of the Al-O-terminated BDD are summarised in Table 7.1.

Table 7.1: Al 2p3,;, C 1s, O 1s core binding energies and work function of Al-O-terminated BDD.

Process C1s(eV) O1s(eV) Al2p;;,(eV) Work function (eV)
O-termination 284.7 531.7 -- 4.33
Al deposition & washed 284.6 532.1 75.4 4.09
Annealed at 650°C 284.6 532.1 75.4 3.61

7.3.2 Chromium-Oxygen Termination

Figure 7.8 illustrates the core level of Cr 2p¢/2 & 2p3/2, C 1sand O 1s
of Cr-O-terminated BDD sample. From the XPS spectra, the selective
etching process using HCl acid to remove excess Cr metal without removing
Cr-O was a success due to the presence of Cr 2p4,2 & 2p3/; core levels. From
the survey scan spectrum (not shown), only three elements were present,
thus eliminating any possible contamination of the surface. The core
binding energies of all elements showed shifts from higher binding energy

to lower binding energy after the annealing. The Cr 2p¢/; & 2p3,2 binding
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energy reduced from 586.7 eV to 586.4 eV and from 576.9 to 576.8 eV,
respectively. The C 1s binding energy reduced from 284.7 eV to 284.5 eV,
and the O 1s binding energy reduced from 531.3 eV to 530.9 eV. This
suggests that at high annealing temperature the surface species gained
extra energy to reconstruct into a more stable formation that reduced the
core level binding energies. In addition, the Cr-O-terminated surface was
also thermally stable due to the presence of Cr even after high

temperature annealing.
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Figure 7.8 XPS spectra of (a) Cr 2py,; & 2p3/,, (b) C 1s and (c) O 1s elements of Cr-O-terminated

BDD sample. The measurements were at room temperature, before and after annealing.

Figure 7.9 depicts the UPS spectra of Cr-O-terminated BDD sample
measured at room temperature after annealing. The VBM of the diamond
film remained unchanged at 1.57 eV below the Fermi level even after high

temperature annealing. At first, the work function on the surface was
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observed to be at 3.53 eV. After the 1** annealing cycle at 250°C, the work
function reduced to 3.25 eV. However, the work function returned to its
original value after annealing at 350°C and remained unchanged throughout
the subsequent annealing steps. The change of work function was treated
as an anomaly and repetition is required to confirm whether the change
was due to instrumentation error during that measurement period.
Combining both the VBM (1.57 eV) and the work function (3.53 eV), results
in a 5.10 eV gap between the VBM and the vacuum level. Since we know
that the band gap of pristine diamond ~5.45 eV, this means that the Cr-O-

terminated surface exhibits NEA property.
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Figure 7.9: UPS spectra of Cr-O-terminated BDD sample measured at room temperature after

annealing.

By applying the 282.7 eV valence band offset (Section 7.3), the VBM
of the Cr-O terminated BDD sample was deduced to be 1.8 eV below the
Fermi level as showed in Figure 7.10. With the band gap of diamond, E; =
5.45 eV, this implies that as long as work function, ¢ < E; - 1.80 eV, the

surface has NEA. From this calculation, the ¢ lies below the CBM at the
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surface. Thus, Cr-O-terminated BDD film does exhibit a true NEA due to the
X<0eV.
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Figure 7.10: Band schematics of Cr-O-terminated BBD film after annealing.

The measured binding energies of Cr 2p¢/2 & 2p3/2, C 1s, O 1s and the

work function of the Cr-O-terminated BDD are summarised in Table 7.2.

Table 7.2: Cr 2py,; & 2p3;, C 1s, O 1s core binding energies and work function of Cr-O-
terminated BDD.

Process C1s(eV) O1s(eV) Cr2pq, & 2p3;2(eV) Work function (eV)
O-termination 284.7 531.7 - 4.33
Cr deposition & washed 284.7 531.3 586.7, 576.9 3.53
Annealed at 650°C 284.5 530.9 586.4, 576.8 3.53

7.3.3 Titanium-Oxygen Termination

Figure 7.11 illustrates the XPS spectra of Ti 2p¢/2 & 2p3/2, C 1sand O
1s from Ti-O-terminated BDD. The initial selective etching method using 4M

of HCl acid for 4h was too vigorous as it removed all the Ti atoms, as
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evidenced by the fact that Ti was not detected during the XPS survey scan.
A milder version of the etching process was performed using 1M HCl for 30
minutes. This method was a success, evidenced by the presence of Ti in
Figure 7.11(a). The XPS survey scan measurement (not shown) showed that
the diamond surface was clean, and no contamination from other metals
was detected. After 650°C annealing the Ti 2p4,; core level shifted from
463.3 eV to 464.7 eV and the 2p;,; core level shifted from 458.4 eV to
459.1 eV. Previously, Cr-O-termination showed a shift toward lower binding
energy suggesting that the surface reconstructed to form a more stable
surface with smaller binding energy. However, for Ti-O-termination the
reason for the shift towards higher formation energy is unknown. To try to
understand this, higher sensitivity XPS measurements are needed to
determine the stoichiometry of the TiO species present. The change of
stoichiometry of TiO was possible due to the disappearance of the O peak
at 531.7 eV (Figure 7.11(c)). As a transition metal, Ti has various oxidation
states available. When the metal was initially deposited onto the oxygen-
terminated BDD film, a mixture of TiO stoichiometries may have been
present with different Ti oxidation states. However, during annealing, it’s
possible that the Ti changed oxidation state, and thus its stoichiometry.
On the other hand, the C 1s core level remained unchanged after the

annealing process with a binding energy of 284.4 eV.
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Figure 7.11: XPS spectra of (a) Ti 2py,; & 2p3/2, (b) C 1s and (c) O 1s elements of Ti-O-terminated
BDD.

Figure 7.12 shows the UPS spectra of Ti-O-terminated BDD measured
at room temperature after annealing. The work function for the
Ti-O-terminated surface remained unchanged after the annealing process,
and was constant at 3.75 eV throughout the experiment. The VBM showed
similar behaviour with a value of 1.40 eV. The gap between the VBM of the
diamond and the vacuum level was calculated to be 5.15 eV. Compared to
standard band gap of diamond (5.45 eV), this suggests that the vacuum
level is situated below the CBM and the surface exhibits NEA characteristic.
The changes in the core energy levels of Ti and O measured by XPS did not

affect the surface work function measured using UPS.
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Figure 7.12: UPS spectra of Ti-O-terminated BDD measured at room temperature after

annealing.

By applying the 282.7 eV valence band offset (Section 7.3), the VBM
of Ti-O-terminated BDD was deduced to be 1.7 eV below the Fermi level as
depicted in Figure 7.13_ With the band gap of diamond, E; = 5.45 eV, this
implies that as long as work function, ¢ < Eg - 1.70 eV, the surface has NEA.
From this calculation, the ¢ lies at the same level as CBM at the surface (X
= 0 eV). Thus, Ti-O-terminated BDD film exhibits an effective NEA

characteristic.
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Figure 7.13: Band schematics of Ti-O-terminated BBD film after annealing.
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The measured binding energies of Ti 2py,; & 2p3/2, C 1s, O 1s and

work function of the Ti-O-terminated BDD are summarised in Table 7.3.

Table 7.3: Ti 2py, & 2p3,, C 1s, O 1s core binding energies and work function of Ti-O-
terminated BDD.

Process Ci1s(eV) O1s(eV) Ti 2pq/2 & 2p3,2 (€V)  Work function (eV)
O-termination 284.5 531.7 -- 4.33
Ti deposition & washed 284.4 531.7, 530.0 464.3, 458.4 3.53
Annealed at 650°C 284.4 530.6 464.7, 459.1 3.53

7.3.4 Zinc-Oxygen & Magnesium-Oxygen Termination

XPS measurement was done on both Zn-O-terminated and
Mg-O-terminated BDD. Unfortunately, there were no Zn or Mg signals
detected from the XPS wide scan spectrum. The UPS spectra of both
samples (not shown) did show NEA properties but due to the absence of

both elements on the surface conclusions are limited.

The Zn-O-terminated sample was repeated by annealing at 450°C for
one hour prior to the selective etching stage (washing in |,/CH;0H
solution). The process was believed to provide extra energy to enhance the
formation of Zn-O bonds between the Zn metal layers near the O-
terminated layer. The formation of Zn-O bonds was crucial to avoid it being
selectively etched during washing. However, this method resulted in the

same results as before: no Zn was detected on the BDD surface using XPS.

The difficulty with detecting Mg on the Mg-O-terminated BDD was
partly expected due to the reaction of both Mg metal and MgO with mineral

acids. When H,SO4 was used as the washing reagent, it was not a selective
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etchant as both Mg metal and MgO reacted with it to form MgSO4. Hence, a
better selective etching method needs to be developed to investigate the

effect of Mg-O-termination.

7.4 Conclusions

The selective etching technique was successfully developed for Al, Cr
and Ti metals. The method creates a thermally stable metal-oxygen
terminated diamond surface that can be exposed in air without changing its
properties, and which was not contaminated during the exposure period.
All three metal-oxygen-terminated BDD samples exhibited NEA indicating
that the vacuum level was situated below the CBM of bulk diamond but
only Cr-O-terminated BDD film exhibit true NEA characteristic. This is an
important property if these materials are to be used for thermionic
emission. Any electrons that are successfully excited into the CBM of the
diamond will be spontaneously transferred into the vacuum level and
emitted out of the material. The importance of NEA was demonstrated in

the thermionic emission measurement discussed in Chapter 6.

This chapter is also in agreement with Takeuchi and co-workers on the
effect of true NEA and effective NEA of oxygen-terminated BDD samples. In
order to avoid misinterpretation, a proper characterisation of the metal-
oxygen surface is essential. The surface of Ti-O, Cr-O and Al-O was
confirmed using XPS, and were stable in vacuum up to 650°C. Even though
the main purpose of this study was to identify potential surface species to
replace H-termination, the annealing in this study needs to be performed
at high temperatures. This is because H atoms start to desorb between
600°C to 700°C. Higher temperature annealing is essential before a solid
conclusion can be drawn as to whether the metal-oxygen terminations can

completely replace H-termination.

The p-doped BDD used in this study acted as a standard sample and

due to the success of the selective etching technique, the method will be
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replicated on n-doped or Li-N co-doped diamond films in the future. Similar
systematic investigations using XPS and UPS measurements will be carried
out to observe its effect on the electronic structure of n-type diamond

films.
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Chapter 8:Thesis Summary

8.1 Summary

Li-N co-doped diamond films were successfully prepared using stable
LisN suspension and NH3 gas as Li and N precursors, respectively. High
concentration of Li and N atoms were identified using SIMS in the same
diffusion region. 5x10" atoms/cm® of Li and 3x10?° atoms/cm® of N were
detected in some of the diamond films as Li* and CN using SIMS. In
addition, the solubility limit of Li was also confirmed (-5x10" cm™); above
this amount the LisN molecules were reacted with the process gases to

form LiyCx compounds.

Various types of diamond films were also investigated to observe
different diffusion profile of both Li and N inside diamond films. For MCD
films, the amount of Li and N atoms incorporated were much higher
compared to SCD films. The existence of more grain boundaries in MCD
films had been proven as one of the contributing factors in higher
incorporation of Li and N inside diamond films. Perhaps much of the Li and
N are trapped as electrically inactive species within the sp* grain
boundaries due to higher resistance measured in Li-N co-doped diamond

films.

Theoretical model of Li-N co-doped diamond films in Chapter 5
explained in detail the failure of 1:1 ratio of Li and N atoms in diamond
structure to produce promising n-type semiconducting diamond films. Even
though the 1:1 ratio was not the answer for n-type semiconductor, this
calculation successfully proved the concept of N atoms as a trapping
mechanism to immobilise Li atoms. The formation energy when both Li and
N atoms positioned as neighbour (9.41 eV) was much lower compared to the

energy when both of the atoms far apart (11.32 eV).

The formation of Li-N clusters with higher content of N atoms
however lead to a shallow donor level in diamond structure with Li atoms

residing in substitutional positions. It was found that 1:4 ratios of Li to N
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atoms promote a donor level less than 0.1 eV is below the CBM of diamond
with formation energy of 4.88 eV when the Li positioned in the
substitutional site. Hence, these types of clusters eliminated the
competition whether Li atoms would reside in interstitial or substitutional
positions, as the corresponding of Li-N cluster with Li in an interstitial

position had much higher formation energy (10 eV).

Even though the resistance of the Li-N co-doped diamond films
prepared was measured above 10 MQ, the sample exhibits a high current
density value with the presence of NEA surface. 1.21x10* A/cm? was
observed at 900 K and the threshold temperature recorded at 800 K. Thus,
these Li-N co-doped diamond films show great potential as thermionic
emitters, and future development is needed to improve the doping

procedure and optimise the emission properties.

From XPS and UPS measurements, the Li-N co-doped diamond films
produced exhibit a deep donor characteristic. It is consistent with some of
the cluster models proposed using computational model. However, the Li:N
ratio in Li-N co-doped diamond films was at 1:18 ratio. This ratio was never
being modelled and in this case, the major donor contribution may be from
N atoms alone. Even though the dopants in the diamond film are dominate
by N atoms, the resistance measured from the Li-N co-doped diamond films
showed lower resistance compared to a nitrogen-doped diamond at room
temperature (200 MQ). This suggests that Li atoms contribute in improving
the conductivity of the film but further improvement in the film’s
resistance needs to be carried out to create a working n-type

semiconductor device.

From the thermionic emission study in Chapter 6, NEA surface is
deemed to be crucial for increasing the electron emission from diamond
surface. However due to desorption of H atoms at high temperature, NEA
property exhibited by an H-termination surface will be lost and thus, inhibit
the emission of electrons at high temperature. Metal termination
techniques were successfully developed for various metals including Cr-O,
Al-O and Ti-O that can withstand high temperature annealing (650°C)
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without changing their NEA characteristic. UPS analysis confirms the NEA
characteristic of the metal-oxygen termination species while XPS analysis

confirms the species remained intact throughout the annealing process.

8.2 Future work

For further development of N-type diamond films, magnesium could
be used to replace Li in diamond lattice due to the diagonal relationship of
Mg with Li in the Periodic Table. Mg consists of two valence electrons
compared to Li. Hence, the carrier concentration in diamond lattice would
be double when Mg used as a dopant compared to Li at the same dopant
concentration. In addition, due to unknown behaviour of Mg in diamond
lattice including the solubility of Mg in diamond and the mobility of Mg in
diamond, wide research prospects are available to understand the

behaviour of Mg through experiment and theoretical model.

Li-N co-doped diamond films were proven to be a potential shallow n-
type semiconducting diamond material. Based on the theoretical models,
the 1:4 ratios of Li and N atoms in diamond lattice suggest the formation
this type of structure. Thus, it is essential to devised it experimentally by
varying the amount of N atoms incorporated into the diamond films.
Reducing the amount of NH3 gas during growth process will be the initial
step. However, it will be a challenge later on as MCD films consists of 5-10%
grain boundaries and most of the N atoms may excreted into the grain

boundaries, thus, exact Li:N cluster ratio deemed to be hard to determine.

The computational model could be improved further. The calculation
of clusters formation energies were done from pure diamond and not from
N-doped diamond films. The formation of 1:1 cluster of Li-to-N proved to
reduce the formation energy when N-doped diamond used as starting
material compared to pure diamond. Thus, it would be fruitful to
understand the effect on substituting only C atoms with Li atoms in the N-

doped diamond for the Li:N clusters calculations. It is also possible to
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evaluate the pathway of Li substituting reaction when approaching the N
atoms cluster. The possibility of the N-clusters to trap Li atoms and
reduced the mobility of the Li atoms could also be investigated. Similar
calculation could be implemented by replacing Li atoms with Mg atoms for

further development of the theoretical models.

The sensitivity of thermionic emission measurement could be
improved further by replacing resistive heater with laser heating
instrument to reduce the currency leakage due to electrons escape from
the heater’s filament into the emitter or collector. In addition to that,
spacing between the collector and emitter should be reduced further until
the space charge effect is kept to minimum without having external bias to
overcome it. This is important for the practicality of the device made in
the future. The solar panel device should be able to produce energy
independently without having any external energy supplied to the

collector.

Air stable metal-oxygen termination of Cr-O can be applied on the Li-
N co-doped diamond films and any other future N-type semiconducting
diamond for thermally stable NEA surface to replace weakly bonded H-
termination. However, higher temperature (>800°C) investigations using
XPS and UPS are essential before any conclusive remark could be made to
replace H-termination with Cr-O termination or other potential metal-
oxygen termination such as V-O or other lanthanide elements that have

lower work function than Cr.
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Appendix A

SIMS Calibration of Li Concentration in Diamond

Etch rate measurement

Etch rate measurements were made using the FIB to etch holes in the
diamond at known beam current and area. The SIMS etch pits areas were
also measured on the FIB. Figure shows the example of SIMS etch pit. The

area of the pit is estimated to be 1370 ym?.

Figure 1: The etch pit produced after SIMS depth profile.

The etch rate (volume removed per unit charge) was estimated by etching
a deep pit with the FIB, measuring its area, then filling with platinum and
measuring the depth by cutting and imaging in the FIB. Figure 2 shows the
resulting pit after etching at 2.89nA for 10 min 57s at 45°.
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Figure 2: Cross-section view of the FIB etch pit

The area of the pit (viewed from the top) was 140 pm?2. The depth,
measured from the section, was 1.61pm. The volume removed was
therefore 225.4 pm®. The charge imparted to the sample during etching

was
2.89nA x 615s = 1777 nC

The volume etch rate of the material was therefore:
225.4/1777 = 0.127 pm*/nC.

With an etch area of 1370 pm” and a beam current of 3.0 nA in the SIMS

depth profiles, the depth erosion rate was therefore:
0.127 x 3/1370 = 2.8 x 10 pm/s = 0.28 nm/s

This value has been used in determining the profile depths for all SIMS

analysis in this study.
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SIMS Depth Profiles

A typical SIMS depth profile of the 8x10' cm™ lithium implanted sample is

shown in Figure 3.
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Figure 1: SIMS depth profile analysis of 5x10' cm™ nitrogen implanted sample. Left: CN and C
signals from SIMS. Right: CN/C’ ratio.

The profile of the lithium signal is approximately Gaussian, as expected
from an implantation of this type. The small drop in carbon signal at 60-

70nm is not understood.

A typical SIMS depth profile of the 8x10'* cm™ lithium implanted sample is

shown in Figure 2.
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Figure 2: SIMS depth profile analysis of 8x10'? cm™ lithium implanted sample. Left: Li* and C*
signals from SIMS. Right: Li*/C" ratio.
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Concentration Calculations

For each region, three depth profiles were used to compile depth and
concentration information. Gaussian curves were fitted to each profile,
using the usual equation for a Gaussian curve:

(x=p)?

e 20’2

y= K
\N2r

where p is the peak depth, K is a measure of the magnitude (height), and ©

is a measure of the Gaussian width. The integral of this form equates to K

The values of CN'/C" were used for the fit. The results are presented in the

Table below:

Table 4: Gaussian parameters for lithium implanted sample.

Sample K M (nm) o (nm)
8x10™ Li sample a 461.2 209.4 38.1
8x10™ Li sample b 435.9 207.2 35.7
8x10" Li sample ¢ 489.3 207.6 36.5
AVE 462.3 208.07 36.77
8x10" Li sample a 3.82 212.7 35.9
8x10" Li sample b 4.19 209.5 35.7
8x10" Li sample ¢ 4.1 210.4 35.8
AVE 4.04 209.5 36.3
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8x10™

=8.8x10"cm®
(\27r) x 36.8x10™"

8x10" Li sample: C(x=pu)=

Similarly, the peak concentrations for the other samples are:

8x10" Li: 8.8 x 10" cm™

The SIMS sensitivities to the materials can be obtained by using the K
values from the Gaussian fits, and the area concentrations (calculating
A/K).

From these results, the following calibration factors are obtained:

From 8x10'* Li sample, Li concentration [Li] = 1.73x10" x (Li*/C" ratio).

From 8x10" Li sample, Li concentration [Li] = 1.98x10" x (Li*/C" ratio).

Evidently there are small discrepancies between the results obtained from
the high concentration and the low concentration samples. It appears that
the SIMS is slightly non-linear in its response over the two orders of
magnitude of concentration used, assuming that the implantation doses
were accurate. It is therefore proposed that the average values be taken as

follows:

Li] = (Li*/C") x 1.8x10"° cm™
[Li] = ( )
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Appendix B

SIMS Calibration of N Concentration in Diamond

SIMS Depth Profiles

A typical SIMS depth profile of the 5x10™ cm nitrogen implanted region is
shown in Figure 3.
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Figure 14: SIMS depth profile analysis of 5x10'* cm™2 nitrogen implanted sample. Left: CN and C°
signals from SIMS. Right: CN/C" ratio.

The profile of the CN" signal is approximately Gaussian, as expected from
an implantation of this type. The secondary peak is not understood, but

may be a channelling effect.

A typical SIMS depth profile of the 5x10' cm™ nitrogen implanted sample is
shown in Figure 4.
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Figure 4: SIMS depth profile analysis of 5x10'2 cm nitrogen implanted sample. Left: CN" and C
signals from SIMS. Right: CN/C" ratio.

Concentration Calculations

For each region, three depth profiles were used to compile depth and
concentration information. Gaussian curves were fitted to each profile,

using the usual equation for a Gaussian curve:

_(x=p)?

where p is the peak depth, K is a measure of the magnitude (height), and ©

is a measure of the Gaussian width. The integral of this form equates to K:

The values of CN'/C" were used for the fit. The results are presented in the
Table 1 below:
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Table 5: Gaussian parameters for nitrogen implanted sample.

Sample K H (nm) c (hm)
5x10"* cm™ sample a 16.5 127 26.2
5x10" cm™ sample b 14.6 119 21.4
5x10" cm™ sample ¢ 13.4 131 26.4
AVE 14.8 126 24.7

These values can be used to calculate the volume concentration of the
implanted material with depth. Again assuming the implantation depth
profile to be Gaussian, the concentration of implant material (cm~), C(x),

where x is depth, can be given as:

where A is the area concentration (i.e. 5x10" cm™). We now know o, so we

can calculate C. The peak concentration is therefore:

_ 5x10"
(\27r) x24.7x1077

C(x=p) =8.1x10"cm™®

The SIMS sensitivities to the materials can be obtained by using the K
values from the Gaussian fits, and the area concentrations (calculating
A/K).

From these results, the following calibration factor is obtained:
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N concentration [N] = 3.4 x 10%° x (CN'/C  ratio).

From the 5x10'> cm? implanted sample, the minimum detectable

concentration is about 10" cm.
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Appendix C

SEM Micrograph of HMT addition into MCD films
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Figure 1: SEM micrographs of diamond films grown with addition of HMT sandwiched in between
two diamond layers grown with (a) underlying undoped diamond with undoped diamond capping
layer (MCD-HMT-MCD), (b) underlying undoped diamond with N-doped diamond capping layer
(MCD-HMT-MCD-N), (c) underlying N-doped diamond with undoped diamond capping layer (MCD-
N-HMT-MCD) and (d) underlying N-doped diamond with N-doped diamond capping layer (MCD-N-
HMT-MCD), with N, gas used as the N precursor.
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Appendix D

SEM Micrograph of HMT addition into MCD films
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Figure 1: Raman spectrum (512 nm He-Cd laser excitation) of diamond films grown with addition
of HMT sandwiched in between two diamond layers grown with (a) underlying undoped diamond
with undoped diamond capping layer (MCD-HMT-MCD), (b) underlying undoped diamond with N-
doped diamond capping layer (MCD-HMT-MCD-N), (c) underlying N-doped diamond with undoped
diamond capping layer (MCD-N-HMT-MCD) and (d) underlying N-doped diamond with N-doped
diamond capping layer (MCD-N-HMT-MCD), with N, gas used as the N precursor.
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Fractional Position of Interstitial Li in 64 atom supercell

Appendix E

Table 1: Fractional position of T4 of interstitial Li in 64 atom supercell.

Atom

Coordinate (x,y,z)

Li

0.325

0.075

0.075

0.000

0.000

0.000

0.500

0.000

0.000

0.250

0.250

0.000

0.750

0.250

0.000

0.000

0.500

0.000

0.500

0.500

0.000

0.250

0.750

0.000

0.750

0.750

0.000

0.125

0.125

0.125

0.625

0.125

0.125

0.375

0.375

0.125

0.875

0.375

0.125

0.125

0.625

0.125

0.625

0.625

0.125

0.375

0.875

0.125

0.875

0.875

0.125

0.250

0.000

0.250

0.750

0.000

0.250

0.000

0.250

0.250

0.500

0.250

0.250

0.250

0.500

0.250

0.750

0.500

0.250

0.000

0.750

0.250

O O O O O O O O O O O O O O O O O O O O O O O O

0.500

0.750

0.250
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0.375

0.125

0.375

0.875

0.125

0.375

0.125

0.375

0.375

0.625

0.375

0.375

0.375

0.625

0.375

0.875

0.625

0.375

0.125

0.875

0.375

0.625

0.875

0.375

0.000

0.000

0.500

0.500

0.000

0.500

0.250

0.250

0.500

0.750

0.250

0.500

0.000

0.500

0.500

0.500

0.500

0.500

0.250

0.750

0.500

0.750

0.750

0.500

0.125

0.125

0.625

0.625

0.125

0.625

0.375

0.375

0.625

0.875

0.375

0.625

0.125

0.625

0.625

0.625

0.625

0.625

0.375

0.875

0.625

0.875

0.875

0.625

0.250

0.000

0.750

0.750

0.000

0.750

0.000

0.250

0.750

0.500

0.250

0.750

0.250

0.500

0.750

0.750

0.500

0.750

0.000

0.750

0.750

0.500

0.750

0.750

QO O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O

0.375

0.125

0.875
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0.875|0.125 | 0.875
0.125|0.375 | 0.875
0.625 | 0.375 | 0.875
0.375|0.625 | 0.875
0.875|0.625 | 0.875
0.125|0.875 | 0.875
0.625 | 0.875 | 0.875

O O O O O O O

Table 2: Fractional position of T}, of interstitial Li in 64 atom supercell.

Atom Coordinate (x,y,z)
Li 0.363 | 0.263 | 0.238
0.000 | 0.000 | 0.000
0.500 | 0.000 | 0.000
0.250 | 0.250 | 0.000
0.750 | 0.250 | 0.000
0.000 | 0.500 | 0.000
0.500 | 0.500 | 0.000
0.250 | 0.750 | 0.000
0.750 | 0.750 | 0.000
0.125 | 0.125 | 0.125
0.625 | 0.125 | 0.125
0.375|0.375 | 0.125
0.875|0.375 | 0.125
0.125|0.625 | 0.125
0.625 | 0.625 | 0.125
0.375 | 0.875 | 0.125
0.875 | 0.875 | 0.125
0.250 | 0.000 | 0.250
0.750 | 0.000 | 0.250
0.000 | 0.250 | 0.250
0.500 | 0.250 | 0.250
0.250 | 0.500 | 0.250

O O O O O O O O O O O O O O O O O O O O O
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0.750

0.500

0.250

0.000

0.750

0.250

0.500

0.750

0.250

0.375

0.125

0.375

0.875

0.125

0.375

0.125

0.375

0.375

0.625

0.375

0.375

0.375

0.625

0.375

0.875

0.625

0.375

0.125

0.875

0.375

0.625

0.875

0.375

0.000

0.000

0.500

0.500

0.000

0.500

0.250

0.250

0.500

0.750

0.250

0.500

0.000

0.500

0.500

0.500

0.500

0.500

0.250

0.750

0.500

0.750

0.750

0.500

0.125

0.125

0.625

0.625

0.125

0.625

0.375

0.375

0.625

0.875

0.375

0.625

0.125

0.625

0.625

0.625

0.625

0.625

0.375

0.875

0.625

0.875

0.875

0.625

0.250

0.000

0.750

0.750

0.000

0.750

0.000

0.250

0.750

0.500

0.250

0.750

0.250

0.500

0.750

QO O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O

0.750

0.500

0.750
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0.000 | 0.750 | 0.750
0.500 | 0.750 | 0.750
0.375|0.125 | 0.875
0.875|0.125 | 0.875
0.125|0.375 | 0.875
0.625 | 0.375 | 0.875
0.375|0.625 | 0.875
0.875|0.625 | 0.875
0.125 | 0.875 | 0.875
0.625 | 0.875 | 0.875

O O O O O O O O O 0O

Table 3: Fractional position of T, of interstitial Li in 64 atom supercell.

Atom Coordinate (x,y,z)
Li 0.200 | 0.200 | 0.200
0.000 | 0.000 | 0.000
0.500 | 0.000 | 0.000
0.250 | 0.250 | 0.000
0.750 | 0.250 | 0.000
0.000 | 0.500 | 0.000
0.500 | 0.500 | 0.000
0.250 | 0.750 | 0.000
0.750 | 0.750 | 0.000
0.125|0.125 | 0.125
0.625 | 0.125 | 0.125
0.375|0.375 | 0.125
0.875|0.375 | 0.125
0.125 | 0.625 | 0.125
0.625 | 0.625 | 0.125
0.375|0.875 | 0.125
0.875 | 0.875 | 0.125
0.250 | 0.000 | 0.250
0.750 | 0.000 | 0.250

QO O O O O O O O O O O O O O O O O 0O
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0.000

0.250

0.250

0.500

0.250

0.250

0.250

0.500

0.250

0.750

0.500

0.250

0.000

0.750

0.250

0.500

0.750

0.250

0.375

0.125

0.375

0.875

0.125

0.375

0.125

0.375

0.375

0.625

0.375

0.375

0.375

0.625

0.375

0.875

0.625

0.375

0.125

0.875

0.375

0.625

0.875

0.375

0.000

0.000

0.500

0.500

0.000

0.500

0.250

0.250

0.500

0.750

0.250

0.500

0.000

0.500

0.500

0.500

0.500

0.500

0.250

0.750

0.500

0.750

0.750

0.500

0.125

0.125

0.625

0.625

0.125

0.625

0.375

0.375

0.625

0.875

0.375

0.625

0.125

0.625

0.625

0.625

0.625

0.625

0.375

0.875

0.625

0.875

0.875

0.625

0.250

0.000

0.750

0.750

0.000

0.750
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0.000

0.250

0.750

237




0.500

0.250

0.750

0.250

0.500

0.750

0.750

0.500

0.750

0.000

0.750

0.750

0.500

0.750

0.750

0.375

0.125

0.875

0.875

0.125

0.875

0.125

0.375

0.875

0.625

0.375

0.875

0.375

0.625

0.875

0.875

0.625

0.875

0.125

0.875

0.875

O O O O O O O O O O O O 0O

0.625

0.875

0.875
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Fractional Position of Li:N Cluster in 64 atom supercell

Appendix F

Table 1: Fractional position of atoms in 1:1 Li-N cluster in 64 atom supercell.

Atom

Coordinate (x,y,z)

C

0.000

0.000

0.000

0.500

0.000

0.000

0.250

0.250

0.000

0.750

0.250

0.000

0.000

0.500

0.000

0.500

0.500

0.000

0.250

0.750

0.000

0.750

0.750

0.000

0.125

0.125

0.125

0.625

0.125

0.125

0.375

0.375

0.125

0.875

0.375

0.125

0.125

0.625

0.125

0.625

0.625

0.125

0.375

0.875

0.125

0.875

0.875

0.125

0.250

0.000

0.250

0.750

0.000

0.250

0.000

0.250

0.250

0.500

0.250

0.250

0.250

0.500

0.250

0.750

0.500

0.250

0.000

0.750

0.250

0.500

0.750

0.250

QO O O O O O O O O O O O O O O O O O O O O O O 0O

0.375

0.125

0.375
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0.875

0.125

0.375

0.125

0.375

0.375

0.625

0.375

0.375

0.375

0.625

0.375

0.875

0.625

0.375

0.125

0.875

0.375

0.625

0.875

0.375

0.000

0.000

0.500

0.500

0.000

0.500

0.250

0.250

0.500

0.750

0.250

0.500

0.000

0.500

0.500

Z O O O O O O OO O O O O 0O

0.500

0.500

0.500

.

0.700

0.500

0.500

0.250

0.750

0.500

0.750

0.750

0.500

0.125

0.125

0.625

0.625

0.125

0.625

0.375

0.375

0.625

0.875

0.375

0.625

0.125

0.625

0.625

0.625

0.625

0.625

0.375

0.875

0.625

0.875

0.875

0.625

0.250

0.000

0.750

0.750

0.000

0.750

0.000

0.250

0.750

0.500

0.250

0.750

0.250

0.500

0.750

0.750

0.500

0.750

0.000

0.750

0.750

0.500

0.750

0.750

QO O O O O O O O O O O O O O O O O O O

0.375

0.125

0.875
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0.875|0.125 | 0.875
0.125|0.375 | 0.875
0.625 | 0.375 | 0.875
0.375 | 0.625 | 0.875
0.875 | 0.625 | 0.875
0.125 | 0.875 | 0.875
0.625 | 0.875 | 0.875

O O O O O O MO

Table 2: Fractional position of atom in 1:2 Li-N cluster in 64 atom supercell.

Atom Coordinate (x,y,z)
C 0.000 | 0.000 | 0.000
0.500 | 0.000 | 0.000
0.250 | 0.250 | 0.000
0.750 | 0.250 | 0.000
0.000 | 0.500 | 0.000
0.500 | 0.500 | 0.000
0.250 | 0.750 | 0.000
0.750 | 0.750 | 0.000
0.125 | 0.125 | 0.125
0.625 | 0.125 | 0.125
0.375|0.375 | 0.125
0.875 | 0.375 | 0.125
0.125 | 0.625 | 0.125
0.625 | 0.625 | 0.125
0.375 | 0.875 | 0.125
0.875 | 0.875 | 0.125
0.250 | 0.000 | 0.250
0.750 | 0.000 | 0.250
0.000 | 0.250 | 0.250
0.500 | 0.250 | 0.250
0.250 | 0.500 | 0.250
0.750 | 0.500 | 0.250

O O O O O O O O O O O O O O O O O O O O O
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0.000

0.750

0.250

0.500

0.750

0.250

0.375

0.125

0.375

0.875

0.125

0.375

0.125

0.375

0.375

0.625

0.375

0.375

0.375

0.625

0.375

0.875

0.625

0.375

0.125

0.875

0.375

0.625

0.875

0.375

0.000

0.000

0.500

0.500

0.000

0.500

0.250

0.250

0.500

0.750

0.250

0.500

O O O O O O Of O O O O O O O O

0.000

0.500

0.500

L

0.500

0.500

0.500

0.250

0.750

0.500

0.750

0.750

0.500

0.125

0.125

0.625

0.625

0.125

0.625

0.375

0.375

0.625

0.875

0.375

0.625

0.125

0.625

0.625

0.625

0.625

0.625

0.375

0.875

0.625

0.875

0.875

0.625

0.250

0.000

0.750

0.750

0.000

0.750

0.000

0.250

0.750

0.500

0.250

0.750

0.250

0.500

0.750

0.750

0.500

0.750

O O O O O O O O O Z| O O Z| O O O 0O

0.000

0.750

0.750

242




0.500 | 0.750 | 0.750
0.375|0.125 | 0.875
0.875|0.125 | 0.875
0.125|0.375 | 0.875
0.625 | 0.375 | 0.875
0.375|0.625 | 0.875
0.875 | 0.625 | 0.875
0.125 | 0.875 | 0.875
0.625 | 0.875 | 0.875

O O O O O O O O O

Table 3: Fractional position of atom in 1:3 Li-N cluster in 64 atom supercell.

Atom Coordinate (x,y,z)
C 0.000 | 0.000 | 0.000
0.500 | 0.000 | 0.000
0.250 | 0.250 | 0.000
0.750 | 0.250 | 0.000
0.000 | 0.500 | 0.000
0.500 | 0.500 | 0.000
0.250 | 0.750 | 0.000
0.750 | 0.750 | 0.000
0.125 | 0.125 | 0.125
0.625 | 0.125 | 0.125
0.375|0.375 | 0.125
0.875 | 0.375 | 0.125
0.125| 0.625 | 0.125
0.625 | 0.625 | 0.125
0.375 | 0.875 | 0.125
0.875 | 0.875 | 0.125
0.250 | 0.000 | 0.250
0.750 | 0.000 | 0.250
0.000 | 0.250 | 0.250
0.500 | 0.250 | 0.250

O O O O O O O O O O O O O O O O O O 0O

243



0.250

0.500

0.250

0.750

0.500

0.250

0.000

0.750

0.250

0.500

0.750

0.250

0.375

0.125

0.375

0.875

0.125

0.375

0.125

0.375

0.375

0.625

0.375

0.375

0.375

0.625

0.375

0.875

0.625

0.375

0.125

0.875

0.375

0.625

0.875

0.375

0.000

0.000

0.500

0.500

0.000

0.500

0.250

0.250

0.500

0.750

0.250

0.500

O O O O O O O O Z| O O O O O O O 0O

0.000

0.500

0.500

L

0.500

0.500

0.500

0.250

0.750

0.500

0.750

0.750

0.500

0.125

0.125

0.625

0.625

0.125

0.625

0.375

0.375

0.625

0.875

0.375

0.625

0.125

0.625

0.625

0.625

0.625

0.625

0.375

0.875

0.625

0.875

0.875

0.625

0.250

0.000

0.750

0.750

0.000

0.750

0.000

0.250

0.750

0.500

0.250

0.750

O O O O O O O Z| O O Z| O O O O

0.250

0.500

0.750
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0.750 | 0.500 | 0.750
0.000 | 0.750 | 0.750
0.500 | 0.750 | 0.750
0.375|0.125 | 0.875
0.875|0.125 | 0.875
0.125|0.375 | 0.875
0.625 | 0.375 | 0.875
0.375|0.625 | 0.875
0.875 | 0.625 | 0.875
0.125| 0.875 | 0.875
0.625 | 0.875 | 0.875

O O O O O O Of O O O 0O

Table 4: Fractional position of atom in 1:4 Li-N cluster in 64 atom supercell.

Atom Coordinate (x,y,z)
0.000 | 0.000 | 0.000
0.500 | 0.000 | 0.000
0.250 | 0.250 | 0.000
0.750 | 0.250 | 0.000
0.000 | 0.500 | 0.000
0.500 | 0.500 | 0.000
0.250 | 0.750 | 0.000
0.750 | 0.750 | 0.000
0.125|0.125 | 0.125
0.625 | 0.125 | 0.125
0.375|0.375 | 0.125
0.875 | 0.375 | 0.125
0.125 | 0.625 | 0.125
0.625 | 0.625 | 0.125
0.375 | 0.875 | 0.125
0.875 | 0.875 | 0.125
0.250 | 0.000 | 0.250
0.750 | 0.000 | 0.250

(@]

QO O O O O O O O O O O O O O O O 0O
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0.000

0.250

0.250

0.500

0.250

0.250

0.250

0.500

0.250

0.750

0.500

0.250

0.000

0.750

0.250

0.500

0.750

0.250

0.375

0.125

0.375

0.875

0.125

0.375

0.125

0.375

0.375

0.625

0.375

0.375

0.375

0.625

0.375

0.875

0.625

0.375

0.125

0.875

0.375

0.625

0.875

0.375

0.000

0.000

0.500

0.500

0.000

0.500

0.250

0.250

0.500

0.750

0.250

0.500

O O O O O O O O Z| Z| O O O O O O O O 0O

0.000

0.500

0.500

c

0.500

0.500

0.500

0.250

0.750

0.500

0.750

0.750

0.500

0.125

0.125

0.625

0.625

0.125

0.625

0.375

0.375

0.625

0.875

0.375

0.625

0.125

0.625

0.625

0.625

0.625

0.625

0.375

0.875

0.625

0.875

0.875

0.625

0.250

0.000

0.750

0.750

0.000

0.750

O O O O O Z| O O Z| O O O O

0.000

0.250

0.750
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0.500

0.250

0.750

0.250

0.500

0.750

0.750

0.500

0.750

0.000

0.750

0.750

0.500

0.750

0.750

0.375

0.125

0.875

0.875

0.125

0.875

0.125

0.375

0.875

0.625

0.375

0.875

0.375

0.625

0.875

0.875

0.625

0.875

0.125

0.875

0.875

O O O O O O O O O O O O 0O

0.625

0.875

0.875
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