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Abstract

This project investigates the effect of lithium oxide terminations on boron and nitrogen
doped diamond films. Lithium oxide terminations have been experimentally validated as a
species which produces negative electron affinity (NEA) on a doped and undoped diamond
surfaces. This phenomenon of NEA is desirable for the application of thermionic emitting
devices, as the presence of the species allows for a mean-free path for electrons to escape a
diamond surface, as well as reduce the work function necessary for the liberation of

electrons.

In terms of doping, a sufficient N-type semiconductor is yet to be commonplace within the
field of diamond research. The most utilised N-type dopant is nitrogen; however, nitrogen
exhibits a deep donor level which gives a less than desirable fermi level for the diamond
film. The addition of Co-dopant species in conjunction with nitrogen have been studied with

varying results.

Growths of the diamond film utilised the microwave power assisted chemical vapour
deposition setup to drive doped diamond growth using diborane and nitrogen gas as
dopants. The initial 3 hours of growth was doped with boron only before it was replaced

with the nitrogen carrier gas.

Observations via SEM and XPS indicated the diffusion of boron species upwards through the
film, with a characteristic checkered pattern growth under SEM. Work function calculations
were performed using ultraviolet photoemission spectroscopy produce spectra indicative of
the electronic structure of the diamond samples. A reduction in work function was observed
from the H-BNDD sample to the LiO-BNDD sample, validating the claim that lithium oxide

terminations exhibit greater NEA than hydrogen.
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1- Introduction; Diamond overview

1.1- Carbon allotropes

Carbon is an abundant element on earth and in the universe, being the 17™ and 6™ most populous

element respectively’. On earth, while carbon within molecular structures can be found

universally, elemental carbon is much rarer, accounting for only 0.2% of the mass of the earth’s

crust 2. Carbon’s mass and electron configuration makes carbon an extremely versatile element

in terms of creating molecular structures. Carbon atoms hold four valent electrons in its outer

shell, allowing for a range of bonding to occur. Extended carbon bonding gives rise to

macromolecular structures that vary in physical properties. Most pure carbon allotropes consist

of repeating units of Sp2 hybridised atoms, the most common allotrope being graphite, a material

made from intermolecularly bonded layers of graphene constituents. Graphene serves as the

basis for most allotropic structures consisting of sp2 carbons 3, such as carbon nanotubes, a

structure commonplace in nano structural research . Other allotropes take on unconventional

structures such as amorphous carbon, which is a porous structure currently being researched for

application in hydrogen storage °.
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Figure 1: Carbon allotrope structures. a-c) conventional allotropes, d-f) fullerenes, g) amorphous carbon, h)

carbon nanotubes®




Sp2 carbon allotropes form extensive pi resonant structures which readily enables the
conductivity of electricity. This makes such allotropes promising for a cost-effective alternative

to the production of low voltage electrical devices such as sensors .

1.2-  Natural and synthetic diamond
Naturally occurring diamond is mined in several regions across the globe. By order of

guantity of diamonds mined (per carat), Russia (41,923,910), Botswana (24,752,957) and

Canada (16,249,218) & are the countries that produce the largest quantities of diamond.

Naturally occurring diamond is resultant of high pressure and temperature conditions
(>4GPa and 950-1400°) found deep within the earth’s crust (>80KM) °. The migration of
diamonds to surface level occurs via the movement of kimberlite magma from the earth’s
mantle to the surface via volcanic eruption. It is estimated the most recent eruption was 100

million years ago, making many of the diamonds mined today are hundreds of epochs old*°.
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Figure 2: above) diagram of kimberlite formation in earth’s crust, below) Temperature, pressure and

depth profile for diamond growth?%12




Despite this, it takes the movement of an average of 250 tons of earth per carat of diamond

obtained, leading to a high market price for naturally occurring diamond?®3-15,

Compared to natural diamond, which can vary drastically in price (between £2,000 to £7,000
per carat depending on a variety of factors) !¢, synthetic diamond of similar quality can be
purchased for much less (~¥£750), with diamond nanoparticle powder selling for as little as
£24.00. We can infer that the large disparity in pricing is consequence of both the sourcing
of a given diamond, as well as the application. Only a fraction of the natural diamond
produced is of gem quality thus the primary application of diamond is industrial application.
Though synthetic diamonds are regarded as less labour intensive, mining has a shorter time
of labour per carat (0.43 hours worked per carat compared to 0.93 for HPHT lab grown

diamonds).

1.3- Diamond structure

1.3.1- Bonding
Unlike other allotropes, diamond'’s structure consists of sp3 hybridisations, where the 2s and

all 2p orbitals overlap one another forming a degenerate system where each orbital can have
a strong sigma bond characteristic. This varies from sp2 systems where only 2 orbitals are
sigma-pi degenerate. Consequentially, a pi orbital readily sits perpendicular to the degenerate

orbitals to produce a pi-pi interaction between bonds.

1s 2s 2p
1 1 |
Diamond ‘H. 1 1 1 1
|182| 1 = |
Graphite ({1} 4 1111
|152| [ = 12p1|

Figure 3: Diamond and graphite orbital configurations

The high sigma bonding character has greater directionality thus the overlap observed is much

greater than in the sp2 structures, creating more consolidated bonding array.
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Figure 4: Carbon hybridisation and macromolecular structure scale

1.3.2- Unit cell
The diamond crystal resides in the cubic crystal family (or hexagonal in the case of Lonsdaleite), with

a 3.57A unit cell length in cubic form. The diamond cubic has a face-centred cubic Bravais lattice

1

2).

structure. Due to the size of the unit cell, a single C-C bond spans only a quarter of the unit (%, %, "

Despite being a densely packed unit cell, the atom packing efficiency of diamond is only ~0.34 %/,
which is inefficient compared to other crystal structures such as Hexagonal close-packed, with atom
packing factor of 0.748 . In the case of metallic bonding, this lattice structure would be detrimental
to the physical properties of a given material, such as in the case of tin, however, the covalent nature

of diamond gives rise to a structure with extreme physical properties [001] %°.
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Figure 5: diamond cubic unit cell with annotated unit cell length and miller indices®®

In terms of crystal stacking, diamonds crystal structures can be separated by their polytype. Diamond
exhibits 3C and 2H polytypes for its respective crystal structures, giving rise to stacking sequences
[A,B,C,A,B,C] and [A,B,A,B,A,B]. Physically, the two polymorphs can be deduced from one another
by colour, as Londaeite diamond is yellow in colour. Additional polymorphs exist between these two

polytypes and vary in hexagonality expressed 2°.
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Figure 6: Stacking configurations of diamond in unit cells®

The difference in structure from both stacking types can be described as the 60-degree rotation of




This dense symmetric structure of covalently bonded carbons can account for many of diamonds
resistant properties. Its atomic number density is calculated as 1.76 x 1029 m™ or 6,556 amg.
Though its mass density is calculated as 3516 kg m-3, which is validated by the experimental value
for diamond (3515.25 kg m-3). This minimal difference in calculated and experimental density values
can be accounted for by the inability to sequester defects in an experimental setting, negatively

skewing the experimental value.

1.3.3- Symmetry
Diamond’s crystal structure has a high degree of symmetry, it’s Bravais character means that each

carbon atom is indistinguishable from one another. In terms of diamonds space group, it Fd3m. From
this annotation, we can determine that diamond has a large space group number (227) and large

order number (48). %!

Figure 7: Depiction of the many symmetry operations performed on diamond?*

1.3.4- Orientations
A unit cell comprised of an array of atoms can differ in structure along a given plane. In terms of

crystal planes, they can be denoted by vector annotation (known as miller indices), in diagrams, we
will denote the X, Y, Z axis planes by the vector [100], [010], [001] respectively. Different crystal
planes exhibit different configurations of atom, the comparison of (100) and (110) being a prime
example of this. It’s key point to note as the surface orientation of substrates and grown diamond
(specifically single crystal diamonds) can influence the measured properties of the sample (further

elaboration in later sections).
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Figure 8: Miller indices planes?®

1.4- Diamond properties

1.4.1- Physical properties & applications
Diamonds vast array of physical, chemical and electrically resistive properties, as well as its wide

spectral range transparency has made diamond a popular option for applications involving
extreme environments. Diamond’s dense C-C bonded crystalline structure gives diamond it’s
characteristic hardness (4700-10,400 kgmm™ a rating of 10 on the Mohs scale) 23, chemical
inertness (720-800C in O; to degrade to CO2, melting point of 4000C). Such properties make
diamond favourable for application within drilling equipment, where physical stresses and high
temperatures quickly degrade conventional equipment. Furthermore, its wide spectral range
transparency (1500-4000cm?) coupled with its low coefficient of expansion (1x10°% K1) 24 2>
makes it desirable for applications such as watch glasses for high pressure and temperature
apparatus or for use in optical equipment. Other Potential applications include the
implementation of diamond film in audio equipment due to its high elastic moduli (1050Gpa) %>
26 or heat sinks and high voltage electrical equipment due to its exceptional thermal conductivity.
In recent times, diamond fabrication in diodes 27, Photo/radio-detectors?® and thermionic
devices?® has seen persistent reported success, making future implementation more likely to be

commonplace.




1.4.2- Electronic properties & applications
The primary drawback of pure diamond is its lack of conductivity. However, in the case of doped

diamond, it can present with a variety of electronic characteristics with potential and real
application in a variety of scenarios. For example, Boron doped diamond has seen an increased
prevalence within the biomedical sector for its use within biosensors. 2° Furthermore, the focal
point of current diamond research comes from the envisioned application of N-doped diamond
materials that can be used to replace conventional electronic components within the
semiconductor industry. 3°
1.4.3- Conductivity in diamond

In terms of describing a semiconductive material, we expand on the theory of atomic energy and
molecular energy states and expand such into the context of a macromolecular structure of
repeating atomic units. This gives rise to a band of energy states. The key regions of energy band
structures are the valence and conduction bands, which are the cascading effect of the highest
occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) levels of

the individual atomic quantum states.

The valence band refers to the cumulative population of electrons in the HOMO state for a given
material. The most labile electrons within a materials structure indicates the energy necessary
for an electron to adhere to the material, this is known as the fermi level and is dependent on
the temperature of the material. At absolute zero (fermi level), the energy of this adhesion is

constant.

For a wide band gap semiconductor such as diamond, once a threshold temperature is reached,
electrons begin to populate some of the available energy states of the conduction band, enabling

conductivity.

The probability of an electron populating a given energy state is defined by the Fermi function
equation:
f(E) = e(E_EF) + 1
(1)
This statistical equation can be further manipulated to account for the available energy states

within the conduction band to determine both the density of electrons residing in conduction




band (density of states), and the number of electrons populating the conduction band at a given

temperature. 31

8\/§nm3/2

h3 VE

p(E) =
(2)

Ncg = AT3/23_Egap/2kT
(3)
Due to intrinsic diamonds electron occupancy, there are no free electrons at room temperature
to enable conductivity. Furthermore, this makes the distance between the valence band maxima
(VBM) and conduction band minima (CBM), known as the band gap, very large (5.47eV). Thus,
extensive thermal energy or short wavelength light (<UV) are needed to liberate electrons to the

conduction band.
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Figure 9: Band structure of bare diamond®®

In the case of some wide band gap semiconductors, a special phenomenon can occur in materials
where the vacuum level lies lower than the CBM. Electrons that’s energy matches that of the
vacuum is ejected from the material. This phenomenon has several implications in terms of solid-
state energy research, as such the phenomenon can be used to drive electronic functionality,

specifically within the application of thermionic energy convertors.

This phenomenon of negative electron affinity (NEA) can be engineered to be lower through the

introduction of dopants and surface terminations, enabling the emission of electrons at lower




temperatures compared to the intrinsic material. This aspect of a materials properties is the focal
point of this thesis and will be explored further in later section in the context of different surface

terminations and dopant species?.

1.5- Electron emission

1.5.1- Types of emission
1.5.1.1- Nuclear decay: beta particle emission
Electron emission is the process of ejecting electrons from matter. This phenomenon is observed

in the decay of radioactive atoms upon their transition down a decay chain via beta decay, where
a neutron within an atom’s nucleus converts to a proton, electron and electron antineutrino. An

example of this is the decay of tritium:
H->3He+e + v
1 2 e

(4)
This type of decay was observed by Rutherford in 1899, with the mass to charge ratio of beta
particles being measured by Becquerel a year later, where he realised that the beta rays emitted

from an excited nucleus of uranium was like that of J.J. Thomson’s cathode rays3% 34,

Beta Decay Beta

@ Particle
(fast electron)
b ]

B

M,

Nucleus
0 Neutron \ A gamma ray
may also be
Q Proton released

Figure 10: Beta decay from unstable nucleus®*

The nature of radioactive species means that the emission of beta particles is dependent on
decay rate of material. As radioactive nuclides are unaffected by variables such as temperature
and pressure, little can be done to tune the volume of beta particles emitted from a nuclide
without inducing nuclear fission. Furthermore, radioactive material decays in all directions,

making it harder to capture the released beta particles efficiently.
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In terms of electron emission in materials such as metals and diamond, emission of electrons
occurs at the surface level via two mechanisms, thermionic emission and field electron

emission.

————————————Thermionic/Photoemission

® e
Evis i oo ; 5 3
N Thermal-Field Emission/
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N ¢('nl/m'1
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N

Figure 11: diagram of different pathways of electron emission®

1.5.1.2- Thermionic emission

Thermionic emission is defined as the liberation of electrons from a conductive surface by
virtue of temperature. The energy induced by raised temperatures on a conductive surface
produce sufficient energy within the surfaces band structure to emit electrons, this phenomenon
is best observed in a vacuum. As temperature is the primary factor effecting the volume of
electrons emitted from a surface, the current produced by a thermionic device can be tuned by
the change of temperature within a certain threshold. There are two aspects governing the
emission of electrons from a heated surface, the emission volume J which is proportional to
temperature, and the emission threshold/ work function W. These two key parameters are

further elaborated in the following sub section.

1.5.1.3- Field emission

1.5.2- Emission/temperature relationship
Field emission is the emission of electrons induced by a nearby electric field. This emission

mechanism in two separate circumstances, known as Schottky emission and field electron

emission.

In the case of Schottky emission (also known as field enhanced thermionic emission), the
emission of electrons is induced by an electric field that is resultant of a heated thermionic
surface. This effect is prominent in electron guns, where the negative bias of the emitter surface
relative to its surroundings produces an electric field proportional to the volume of electrons

leaving the emitter surface. Consequentially, this induced field lowers the surface barrier of the

11



emitter, AW, which in turn increases the emission current. The Schottky effect is described by a

modified version of the Richardson equation, and is as follows: 3¢ 37

—-(W-Aw)
J(E,T,W) = A;T?e Ikt
(5
3
where AW = 9e
4reg

(6)
The Magnitude of the electric field F produced can be derived by the rearranging of the equation

for the surface barrier threshold change AW, giving:

o AW? 4re,
qe’

(7)

The Electron field emission mechanism is akin to the Schottky effect in the sense that the field
acting upon the emission surface can further drive the emission of electrons, however in this
case the present field is electrostatic in nature. In the realm of applications, this electrostatic
effect in most devices is undesirable due to potential vacuum breakdown and electrical discharge
occurring, as well as electron drift.38 3°

1.5.2- Thermionic emission- History
Thermionic emission was first investigated in 1901 by Richardson where he showed how that for
each unit area of a platinum? surface emitted a limited number of electrons when heating
platinum in vacuum to a constant temperature. When further heated, the surface saw an
exponential increase in the number of electrons emitted. leading him to deduce the initial

equation governing the law of thermionic emission:

1 _w
] = AT2e kt
(8)

Where k is Boltzmann’s constant, T is the temperature of the material, W and A are constants

relating to the material. The assumption Richardson gave to account for this equation was that

12



“freely moving electrons in the interior of the hot conductor escaped when they reached the
surface provided that the part of their energy which depended on the component of velocity
normal to the surface was greater than the work function w”. 3° Further research by Richardson
determined that this hypothesis was consistent with other materials such as sodium and
carbon®®. Furthermore, He determined that the work functions for different atoms are

proportional to the following parameters:

(9)
Where e is the electronic charge and d is the radius of the atom. These observations were further
verified by Wehnelts in 1904 during his work with metallic oxides. However, the phenomena of
electron emission were not concrete, this is due to the theory that if a hot body was in fact
emitting electrons, the hot body itself should cool. Experiments performed by Wehnelts and
Jentzsch in 1909 observed the cooling effect of the hot body however the magnitude of which
did not agree with the proposed theory. Further experiments performed by Richardson in 1912

showed a close relationship between thermionic emission and the photoelectric effect.
wl =hv°
(10)
Moreover, in 1913 experiments using ductile tungsten and large currents in a better vacuum than
previously used showed that the total mass of electrons observed exceeded that of the total

mass of electrons expected. Solidifying the theory that the emission of electrons is a physical

phenomenon and not a byproduct of a reaction with any surrounding gas.*% 43

This evidence was further supported by Davison and Germer in 1922, confirming direct

proportionality between the cooling effect and the magnitude of cooling expected in theory.

Later adjustments (with contribution from Dushman who applied quantum mechanical
principles) of Equation (X) entailed, giving the thermionic emission equation known as the

Richardson-Dushman equation:

¢
J = AT?e"D

(11)

13



This equation governs the density of electrons observed from an emission surface at a given

temperature. 3°

1.5.3- Work function
The work function is defined as the threshold energy required to liberate electrons from the fermi

level of a material to the vacuum level, where it is subsequently ejected from the surface. Whilst
the relationship of atomic work function was described in the previous sub-section. For bulk
materials where we distinguish its electronic structure with bands, the work function of a
material is defined as the difference between the fermi level of the material and the energy of

the vacuum level.

¢ = Epqc — Er
(12)
The work function of the material is dependent on a variety of factors. The key factors being the
presence of dopant species within the material and the addition of surface terminations on the
diamond surface. Both can be used in conjunction to drive the reduction of work function within
a diamond film. Other factors such as the field emission mechanisms stated earlier are also

applicable however are of lesser focus.

1.5.3- Electron affinity at surface level
Electron affinity is described as an electrons ability to adhere to a given atomic species. In terms

of thermionic emission and surface level terminations, this effect is paramount to reducing the

work function. The equation for electron affinity is described as follows:

X = Evac — Ecam
(13)
As previously mentioned, NEA is an ideal characteristic for a diamond surface to have to drive
the emission of electrons. We can infer from the above equation that to produce a surface with
negative electron affinity, the vacuum level energy must be lower than that of the CBM of the
bulk diamond. On the surface of diamond, the addition of species with electronegativity values

of 2.6 or lower can produce a diamond surface exhibiting negative electron affinity.**
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Figure 12: periodic tabled labelled with electronegativity values*

When analysing the periodic table with regards to each atom’s electronegativity value, we can
deduce that the most alkaline and transition metal species have potential to induce NEA in a
diamond film’s surface. We must consider factors such as atom size of the terminating species,
which for larger atoms may produce lattice mismatch between the surface boundaries. Several
species have used as surface terminations both ab initio and experimentally, a list of terminations

will be mentioned and elaborated on in later sections.

Surface terminations, coupled with dopant species within the bulk lattice, can have great effects
on the band structure of a diamond material. Surface level terminations can cause band bending
near the surface of the material, creating a path of “lesser resistance” for electrons to be
promoted to CBM or vacuum level. In terms of species for NEA, they induce downwards band
bending, reducing band gap size and subsequently produce a band structure indicating either
true NEA, or effective NEA; where the vacuum level is completely beneath of the CBM and where
only the band bended CBM is lesser than the vacuum level respectively. In either case, electrons
circumventing the CBM of the bulk diamond lattice is desirable as it provides a mean-free

pathway to electron emission.

1.5.4- Thermionic energy convertors & potential applications
Thermionic devices use the phenomena of thermionic emission to produce electrical energy. A

thermionic device consists of an anode and cathode in a vacuum tube, separated by a micron
scale gap. The cathode is electron source, which in conventional thermionic devices, is a metal
heated to the point where electrons are liberated from the surface. The anode, another
conductive surface, is impacted by the electrons ejected from the cathode. This intake of

energetic electrons mobilises electrons within the anode’s structure, which when both sides are
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connected, produces a current. This phenomenon is known as the Edison effect, after patent

holder Thomas Edison (1883), and serves as the basis for thermionic energy converters (TEC).
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o —
A«
B A A
vacuum barrier e
b
- - O
. Fermi level
: Voul R L
GF v o o — — — ]
Fermi level

Figure 13: a) Thermionic energy converter setup, b) setup in terms of work function at collector and

emitter®

For the effective energy transfer of electrons from the emitter to collector, it is vital that the work
function for collector surface must be at least 1eV less than the emitting surface to maximise the
efficiency of electron transmission. The resultant power density of the device is determined by

the difference in work between electrodes and the temperature of the emitter:

Py = AgT2el™"" 1) (g, — 4
RIE E c
(14)
Where other thermal conversion methods such as thermophotovoltaic devices, which use a
semiconductive material between the electrodes or a photovoltaic cell to collect the thermal
energy emitted, the use of a small vacuum gap in TEC’s removes two efficiency reducing effects
of conventional heat engines: the vacuum gap prevents excessive parasitic heat loss, meaning

operating temperatures can exceed other devices by a wide margin.*®

Secondly, this direct delivery of electrons from the emitter to collector means that TEC’s have the

capability of being very dense in terms of power output compared to alternatives. Feasible
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remedies to this limitation are either to reduce the distance between the electrode to several

microns, the addition of positive ions to the surface of the emitter. 38

Modern applications for thermionic energy converters situate around the implementation of
radioactive sources to drive to drive the operation of the device. Fissionable radioactive material
such as plutonium-238 is energy dense and produce a very high energy decay. The radio emission
of the isotope can produce heat/light for an absorber surface behind the emitter, driving the
function of the TEC. Many fissionable radioactive species have very long half-lives making them
suitable for devices where long-term operation is necessary, such as in batteries for space

exploration devices.*’

1.5.5- Carnot efficiency
We use the Carnot efficiency theorem to determine the maximum power output possible for a

given traditional heat engine that converts heat to work. Physicist Sadi Carnot theorised that the
any device that converts heat to work is comprised of two thermal reservoirs (hot and cold). As
thermal energy transfers towards the cold reservoir, work is done on the system in between. In
terms of TEC’s, the vacuum gap employed in between the hot and cold reservoir prevents any
loss of energy produced from the emission, and as the cold collector is our output electrical, the

theoretical efficiency of the device is much larger than conventional heat engines.

The Carnot efficiency equation is described as follows:

Tg
Ncarnot = ﬁ
(15)
Where TE and TC is the temperature of the emitter and collector respectively. This equation can
be expanded to encapsulate the differences in a TEC more accurately in the individual
components as such: 4448

— ]E(VE - VC - VW)
1= RYH+ Jp(Vg + 2kT5)

(16)
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Where Jg is the current density from the emitter, (Ve — Vc¢) is the potential difference in voltage
emitter and collector surfaces. Vw is the loss of voltage from the load wire connected. R and H is

the loss of heat via black-body radiation and thermal conductivity from the emitter respectively.

1.5.6- Limitations of TEC's
The most prominent energy barrier for such devices is the occurrence of the space charge effect,

whereby electrons travelling in the vacuum gap repel one another as they travel across.
Consequentially, this disrupts the electric current and limits the current density observed in
current TEC’s. This effect in parallel planar diodes can be described by the Child-Langmuir law:*°

I 4gy |2e V32

]:§ 9 .|m, d?

(17)
Immediately, we can determine that a potential remedy to reduce this effect is by reducing the
distance between the electrodes, as J « 1/d?. This must be balanced with the potential heat
transfer between electrodes, however, as a shorter distance may increase the thermal transfer

from the hot electrode to cold.

While the space charge effect is comparatively less diamond materials due to its inherent NEA,
its occurrence is significant enough that such implementation of remedies to quench this effect

is still necessary.

Further remedies to reduce the influence of the space charge effect is the implementation of
small external bias between the electrodes (~10V), Moreover, the addition of magnetic and

electric fields between the electrodes can also reduce this effect. 2% 31

Another drawback of TEC’s is the sustainability of the ultra-high vacuum (UHV) gap. UHV is
necessary between the electrodes to prevent the collision of mobile electrons and gas molecules
between the gaps. The potential scale up of such a device would mean more energy is necessary

for produce a UHV, which reduces the overall efficiency of the device.
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2- Diamond growth and development

2.1- Diamond synthesis history

2.1.1- discovery of HPHT and CVD
Due to diamonds natural scarcity, procurement and implementation of diamond into current

technologies is not economically feasible in most situations despite the great potential benefits
of its addition. A solution to commercial diamond procurement was invented in 1954 when Tracy
Hall (known as the “father of the synthetic diamond”), who worked at General Electric at the
time, invented a press which could repetitively produce the necessary conditions to form
diamonds. The method Hall used is known as the High Pressure, High Temperature (HPHT)
method for forming diamonds and can produce commercial scale volumes of diamonds. The

Press he developed was able to sustain temperatures of 2,000°C and pressures of 10GPa.

SOFT STEEL
SAFETY RING

SOFT STEEL
SAFETY RING 15

PYROPHYL
10 PYROPHYLLITE \ § 7~ sTeel o S

3 GRAPHITE PYROPHYLLITE 7
=i~ STEEL 5

4 PYROPHYLLITE

% TANTALUM 6

SOFT STEEL
SAFETY RING 16

Figure 14: left) patent schematic of HPHT reactor, right) HPHT reactor in Tracy hall’s lab

Since Hall’s synthesis, there have been continuous developments within the field to improve the efficiency

of diamond production.

The HPHT method of diamond synthesis uses high temperatures and pressures to melt a metallic
capsule comprised of a mixture of metals which act as a solvent-catalyst for the loaded carbon
to both dissolve into and crystallise out of>® >4, Catalysts such as Iron, Nickel and cobalt are
commonly used> however a variety of metals and materials have been reportedly used for the

growth of diamond under HPHT conditions. >3

During the same period which HPHT was discovered, the method of growing crystals at much

lower temperatures and pressures was achieved in 1953 by William G. Eversole, however this
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benchmark in diamond synthesis was not published till 1962, nearly a decade later. This method
used the pyrolysis of hydrocarbon gases onto a substrate, producing diamond growth. The CVD
method produced by Eversole was reproduced by Angus in 1968°° then subsequently replicated
by Deryagin and Fedoseev in 1970. Deryagin and Fedoseev®’ later discovered that other
substrates such as silicon can be used in place of single crystal diamond. The inexpensive nature
of diamond growth on non-diamond substrates via CVD allowed for an increase in the amount

of research potential within the field.

2.1.2- Unconventional methods
Less popular methods to produce diamonds are the ultrasonic cavitation method and the

detonation method:

Ultrasonic cavitation uses the exceptional temperature and pressure differentials at the point of
formation and collapse of a cavitation bubble to induce the conversion of graphite to diamond
within an organic solution. For the production of diamond using this method, graphite is
suspended in a solution comprised of an aromatic oxide oligomer CnHmMOx (n = 18-36, m = 14-
26, x = 2-5) 8 to a solid-fluid ratio of 1:6. An ultrasonic sound wave is induced onto the system,
causing micro bubbles which, upon implosion, creates a brief window of ideal temperature and
pressure conditions to transform the graphite to diamond. This transformation process is
terminated once the pressure and temperature differentials homogenise between the point of

implosion and the surrounding solution.”
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Figure 15: demonstrating the cavitation bubble cycle to progression of time >°
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Detonation synthesis of diamond uses the energy from an explosive detonation to drive the
transformation of carbon to diamond. For this method, a vessel is loaded high yield explosive
material and detonated in an oxygen free vessel. The resulting detonation causes an immediate
rise in temperature and pressure, inducing the transformation of graphite to diamond crystals.
Like the ultrasonic method, there is a short window in which the conditions produced from the
detonation are favourable for diamond formation, which ultimately terminates from the
consequential equalisation of surrounding temperature and pressure, the resulting diamonds are

only ~5nm in size.*®

Both methods are low yielding due to their inability to sustain the necessary conditions for
diamond growth for long periods of time unlike the conventional methods, thus are sparsely used

in both research and commercial settings.

2.2- CVD

In recent years, CVD has become the more favourable method for diamond growth due to several
factors®®: Growth rates of CVD reactors have increased greatly since their inception; This is due
to more advanced method such as plasma assisted growth which both controls the uniformity of
the dissociated carbon atoms crystallising out onto a substrate and making the carbon atoms

more readily available to the growth substrate.

Generally, both methods are used however CVD has become favourable for the growth of gem
quality diamonds, whilst HPHT diamonds are more commonplace for use in industrial

applications.

CVD diamond growth is more favourable for solid state research however, due to the ability to
control the amount of carrier gas going into the reactor chamber. This allows for sequential
layering of different types of doped diamond, as well as direct control of the dopant
concentrations in real time using the mass flow controllers (MFC). This gives rise to niche

configurations of dopant diamond layers which can be studied/ characterised.

2.2.1- Mechanism
CVD diamond synthesis employs a gas phase reaction to activate carbon precursor molecules in

an excess of hydrogen gas, which subsequently deposes on a substrate. An energy source (hot
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filament, microwave, torch) is used to induce a cascade of dissociation reactions within the

carbon precursor, which prime the carbon for deposition. 44
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Figure 16: lllustration of the activation of gas species, with propagation to the substrate surface % 2

The mechanism of activating the carbon precursor is an array of dissociation reactions which
displace hydrogen from the initial carbon containing substituent gas, forming highly reactive

methyl and hydrogen radicals that diffuse towards the substrate.
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Figure 17: Dissociation reaction cascades between methane species and ethane species®

Hydrogen radicals cleave terminations at the diamond surface, leaving a vacant site for the
carbon species to deposit onto the surface. This stepwise addition of methyl radicals builds up
on the surface of the nucleated diamond, increasing the size of the diamond lattice. It Is
necessary that during the activation of the carbon species, that the substrate maintains a

temperature of 1000-1400K for diamond growth to take place.
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Figure 18: Illustration of the stepwise diamond growth process*

In summary, an equilibrium forms at the substrate surface when temperature and pressure is
constant; For diamond growth, The rate at which carbon radicals perform the stepwise addition
to the diamond nucleation sites must exceed the rate at which the hydrogen radicals cleave the
carbon atoms from the surface. The greater difference between these two rates, the faster the
growth of diamond on the substrate.
2.2.2- Common Setups
Different reactor configurations induce these dissociation reactions differently, and
consequentially play a factor in the growth rate and quality of growth. The three common
configurations for research scale growth chambers are hot filament, plasma and torch reactors.
2.2.2.1- Hot filament
this type of reactor employs a set of metal filaments that are situated above the substrate. The

filaments are heated to thermally emissive temperatures by passing a current through them. Gas
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flow to the chamber passes through the array of hot filaments, forming the necessary radical

species for diamond growth.
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Figure 19: Schematic of hot filament reactor setup for diamond growth®

This method of thermally activating gas decomposition is simple to employ however has several
drawbacks. Upon heating of the hot filaments, any tension within the wire when preparing the
chamber can cause the filament to snap. Furthermore, the metal filaments at such high
temperatures can potentially eject some of the metal from the surface, causing contamination
of the diamond growth®*. Additionally, If the samples are not placed directly under the filaments,
growth fluctuations can occur across the sample surface.®?

2.2.2.2- Plasma torch®
Plasma torch configuration employs a nozzle for gases within the reaction chamber. The torch is
equipped with a microwave generator connected to the gas feeding tube. The reactant gases
used for the chemical vapour deposition of carbon radicals is fed through the nozzle, upon
reaching the region affected by high power microwave radiation, the atoms constituting the gas
dissociate into a state of plasma. The gases maintain a state of plasma upon leaving the nozzle,
creating a plasma torch. Research by K.F. Sergeichev et al. in 2009 demonstrated a growth rate
of 3 microns per hour for polycrystalline diamond growth.

2.2.2.3- Microwave assisted plasma
Microwave is a commonly employed method for diamond synthesis. The benefit of plasma
assisted methods is the ability to concentrate the plasma produced directly above the substrate.
Such positioning allows for the substrate to be heated and sustained to temperatures whilst also
activating the carbon precursor for deposition. This configuration was utilised for the project,

thus will be elaborated on further.
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2.2.3- MPCVD
The key component that drives the microwave reactor’s operation is the magnetron. The

magnetron uses a high electric current through a magnetic field to produce a microwave
radiation. The emitted microwaves travel through a waveguide tunnel towards the reactor

chamber and sample holder. 6
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Figure 20: the design of magnetrons used for microwave production in CVD chambers®®

The waveguide tunnel is equipped with 3 impedance tuners, which can be used to vary the power
transmitted to the chamber. Th se tuners can be manually adjusted and, when the source and
load impedance matches, 0 wave reflection occurs, thus no observed power loss (reflective
power) should be observed and all energy generated should be fed towards the reactor chamber
(forward power). This maximum power transfer theory is defined by Jacobi’s law 7, where a
change in the source impedance can change the impedance in the load (in this case, the reactor

chamber).

To induce plasma within the reactor, the chamber must initially be purged of air, then backfilled
with a hydrogen gas flow, to which the plasma will be struck. The input of plasma to the hydrogen
rich environment produces ionised atoms. These ionised atoms have the potential to recombine
back to hydrogen. The rate of the ionization to recombination much greater, thus a sustained
breakdown via the energy induced by the microwave radiation creates a gas mixture of ionised
protons and free electrons, this is known as thermal plasma, where the temperature of the ions

and electrons are approximately similar (Te = T)).
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Figure 21: Graph illustrating the ionisation and recombination of microwave plasma

The size of the plasma is affected by three key factors, The microwave energy input, the
temperature of the plasma, and the pressure of the chamber. Furthermore, the colour of plasma
varies depending on the gases contained in the plasma; Pure hydrogen gas gives off a purple hue,
a characteristic from its primary and secondary emission lines of wavelengths 656.3nm and

486.1nm respectively. This colour is also characteristic of gas with low concentrations of plasma.

Once the plasma has established, concentrated above the substrate and raised to the relevant
power value, the introduction of the carbon substituent gas (typically methane) and other
dopant gases can occur. The Secondary gases added constitute a much lower concentration of
the plasma, with the ratio of hydrogen to methane generally being ~30:1, and the ratio of

dopants such as boron being 300:1.5872

The Prominence of hydrogen gas and its radical constituent form is pertinent to the development
of diamond crystals in all CVD setups. This is due to it performing several functions in the growth
process, such as terminating dangling bonds at nucleation sites, stabilising the diamond surface,
as well as selectively etching graphic phase carbon and creating radical sites via hydrogen

abstraction.
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During the period between striking the hydrogen gas flow with plasma, and introducing the
carbon gas, Hydrogen radicals cause surface etching of the substrate. This is beneficial for short
periods of time as potential oxide species residing on the substrates surface layer are removed
73,74 During the termination of the diamond growth, hydrogen plasma begins to etch at surface
defects, decreasing surface roughness. However, studies by Jiang et al. showed that prolonged
surface etching concentrates at grain boundaries, causing reemerging surface roughness.
Furthermore, the diamond surface, when terminated with hydrogen, gives rise to the

characteristic NEA of diamond film”>.

2.2.4- Dopant gases
Like methane gas, gaseous dopant species are used to produce the atomic radical species

necessary for the doping of diamond film. The carrier gases used are the sources of the dopant
atoms intended for incorporation within the diamond lattice. This is due to some species being

more easily dissociable into their constituent atoms.

The concentration of reactant gases plays a crucial role in the surface morphology of the diamond
growth, such as the prevalence of specific orientations on the diamond surface; High
concentrations of methane are attributed to increased populations of [100] and [111]. This effect
is coupled with the variation of growth temperature; thus, both must be regulated’®.

2.2.4.1- p- dopant gas
Boron is the most common P type dopant incorporated into the diamond lattice. In terms of the
carrier gas used to produce the atomic species of boron, the most prominent gas species used is

diborane 61,62,77,78

7 NN Ve ~N
H™ “H” H
Figure 22: Diborane chemical structure

With the addition of these dopants into the gas mixture during diamond growth, new radical
species form which introduce the dopant species into the grown diamond, while also producing

less desirable radical species. Alternative doping species have been used with varying results, as
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the case of trimethyl borate, which showed preferential incorporation within [111] growth

orientations yet had a lower B/C ratio than that of the gas phase. 86979

A key factor to consider when introducing boron composed gases to the CVD chamber is their
interatomic interactions with other gas species. Experiments involving boron doping indicates
the potential production of soot that greater concentrations/flow rates of boron carrier gases,
consequentially hindering the growth process. This soot production is characteristic of growth in
high density microwave plasma reactor setups 2°. The production of soot is also characteristic of
high Ha/CHa4. 7°
2.2.4.2- N-dopant gases

A variety of N type dopants are commonly incorporated into diamond film, the most popular
being Nitrogen and phosphorus. Nitrogen is commonly incorporated into diamond using its
molecular gas species, however there are drawbacks using this as the carrier gas. The primary
reason being the bond strength on nitrogen gas (946KJ/mol). This mean radical constituents of
nitrogen for surface adsorption are less prominent. Alternative carrier gases have been explored
for nitrogen doping, such as the use of nitrous oxides®®. Experiments conducted by M.Ngambou
et al. Demonstrated the use of N,O as a dopant gas to improve the density of nitrogen vacancy
centres in diamond film growth. Furthermore, the researchers showed that lower methane

concentrations and temperatures enhanced NV doping.

N"=N'=Z0O N=N

Figure 23: chemical structures for left) Nitrous oxide, right) Nitrogen gas

the usage of different carrier gases in Hy/CHa4 plasma can produce side reactions upon their
introduction to the plasma. For example, the use of phosphine gas in plasma for doping diamond

dissociates into simple phosphorus radicals (PH and P), which can then undergo either a stepwise
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addition onto the diamond lattice, or react with methane in the gas mixture, producing methyl

phosphine. 7% 81,82

2.2.5- Substrates

2.2.5.1- Selection & orientation
Three parameters which govern the feasibility of a given substrate for diamond growth is as

follows: the substrate must be able to withstand high thermal stress, it must also be able to
withstand attack by the activated gas species and not dissolve the carbon into its lattice. A variety
of substrates adhere to these parameters thus are used frequently in diamond growth. These
range from crystalline species such as single crystal diamonds, silicon (pure, carbide and nitride
forms), quartz glass and cemented carbides, to metallic species such as tungsten, molybdenum,

iridium and their oxides. 83

Different feasible substrates are employed depending on the application of the diamond film, in
the case of nitrogen doped diamond, silicon [100] is commonly employed due to the improve
crystal quality of grown diamond’2. Furthermore, some substrates are used more readily due to

their availability, scalability, thermal expansion and similarity to the diamond lattice structure.”’

In the case of nitrogen doped diamond growth, three parameters dictate the rate of growth:
Substrate temperature, Methane concentration and nitrogen concentration in gas phase.
0O.Brinza et al. Performed computational studies, varying the dependence of these parameters,
showing the greatest increase in growth rate from diamond substrate orientation [110] with the
increase of all three parameters exclusively. Moreover, in all cases, [113] orientated diamond
showed the slowest growth rate of all the orientations used &*; These results were consistent with

experimental observations.

In terms of these thermionic emission investigations, Molybdenum substrates will be used due
to its high melting point temperature, it’s inertness to the activated gases during the deposition
process, high thermal conductivity and its thermal expansion coefficient being like CVD
diamond”’. Furthermore, it’s reported that initial diamond nucleation in plasma reactors
produces a carbide layer on the substrate surface, followed by diamond like carbon that quickly

changes bonding structure from sp2 to sp3, enhancing the rate of diamond nucleation. &>
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2.2.5.2- Nucleation
CVD techniques for the growth of diamond film require pre-existing nucleation® of powdered

diamond to induce crystal growth within the CVD chamber. There are two techniques which are

commonly employed to pre-treat a substrate with diamond.

The most common method of substrate treatment is the manual abrasion of diamond powder
onto the substrate. This method uses shear stress to embed the diamond powder onto the
surface, creating a buffer layer of nanocrystalline diamond which diamond growth can take place
from. The benefits of this method of nucleation are twofold. The method is inexpensive, only
requiring the rubbing to two wafer substrates with the diamond powder in between. Secondly,
the shear stress from the diamond being compressed and scraped between the substrates
introduces surface defects where the diamond powder can embed, improving surface adhesion
of grown diamond later. The one drawback of this method is the mechanical stress on the
substrate can potentially bend it. Moreover, an even distribution of nucleated diamond cannot

be guaranteed.

The alternative method for the nucleation of the substrate is the electrospray deposition method
of adding diamond nanoparticles to the substrate 8’. The preparation of this method involves the
suspension of the diamond powder in a solution of methanol. When added to the solvent and
placed in an ultrasonic bath, the diamond powder disperses through the solution to form a
colloidally stable solution. The substrate is then attached to a spinning disk electrode, with an
electrospray nozzle containing the colloidal solution being aimed at the substrate. When a
current is passed through the nozzle, A fine dispersion of the colloidal solution travels to the disk,
evenly distributing the suspended diamond onto the substrate. This method ensures an even
distribution of the diamond powder onto the substrate; however, the lack of deeply embedded

diamond can cause delamination of the diamond film after diamond growth occurs.®
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Figure 24: schematic of an electrospray nozzle for substrate nucleation®

2.3- Dopant effects on diamond films
2.3.0- Band gap size and implications
The addition of dopants is fundamental for mobility of electrons within diamond. The presence

of dopants in diamond’s crystal lattice alters the band structure of diamond, changing the
position of the fermi energy and subsequently the band gap, ionisation energy and work
function. Varying both the presence of given dopants and their respective concentrations allows
for the engineering of diamonds band structure to perpetuate the emission of electrons from
the bulk lattice to vacuum. The addition of different N type and P type dopants can introduce

donor and acceptor levels respectively.
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Figure 25: adapted image of N and P type dopant levels, with grain boundary state level
2.3.1- N type doping
N-type doping of diamond substrates incorporate atomic species with a surplus of electrons in
the diamond lattice. In terms of band structure, n dopant levels lie below the conduction band

minima. As these new energy states are populated with electrons, the fermi level is raised.

For application within thermionic emitters, dopant species with shallow doner levels are more
desirable, as their energy is situated closer to the vacuum level of the diamond surface, making

them energetically favourable.

For n-type dopants, nitrogen is the most commonplace dopant for diamond growth?® 77. 78 80, 84,
89-99  Several factors favour its incorporation compared to other n-type dopants. Nitrogen’s
atomic size is comparable to carbon, thus its substitution into the diamond lattice has little effect
on the structural properties of diamond, whilst simultaneously improving the concentration of

charge carriers within the system.
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For nitrogen, the bonds formed with the surrounding diamond structure causes partial distortion
which generates a deep doner level. This is due to the preferential lone pair bonding to the
nitrogen atom, leaving a dangling bond with one of the four carbon bonds. This deep donor level

becomes more pronounced at greater concentrations.

Dopant defects which include interstitial Hydrogen partially mitigates this by residing in the space
of the unsatisfied valence, relaxing the state of the nitrogen and reducing its dopant level

slightly®?.

While phosphorus has desirable characteristics of a donor species due to it being a shallow donor,
incorporation of it within the diamond lattice is a greater challenge compared to nitrogen,
primarily due to its atom size. A variety of experiments have studied both dopant species with

different substrates.

In terms of diamond growth, studies monitoring the growth of diamond with the addition of
nitrogen has shown an increase in diamond growth rate®3. Moreover, addition of nitrogen is

observed to increase the size of diamond crystallites®% %3,

2.3.2- Ptype doping
P type dopants are electron deficient atomic species incorporated within a lattice. The

introduction of p type dopants produces conduction states that reside close to the VBM. As
valence electrons can “jump” to these available states, doping using p type elements shifts the

fermi level to that greater than undoped diamond.

Boron is the most employed dopant for similar reasons to nitrogen; Its atomic size is comparable
to that of carbon thus its incorporation into the lattice is relatively straightforward. Extensive
research shows the linear increase of conductance within diamond relative to concentration

increase.

Few other acceptor species have been experimentally implemented within diamond’s lattice.
Select computational studies using density function theory (DFT) have incorporated transition

metals as acceptor species*®.

An aspect of p type doping that is unfavourable in terms of conduction and emission of electrons

is the passivation of acceptor species. Passivation occurs when hydrogen species occupy the
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vacant site of boron within the diamond lattice. This occurs due to hydrogen can quickly diffuse
into the p type lattices, immobilising electrons and reducing conductivity. Luckily, this can be
mitigated using low pressures and/or high temperatures that can desorb the hydrogen from the
bulk latticel®t.

2.3.5- Substitutional and interstitial doping
A notable aspect of diamond doping is the positional effects of dopants. For monoatomic
dopant species, their positioning within the lattice has a profound effect of the fermi level of

diamonds band structure. Work from D.Zhou et al. demonstrates that interstitially situated

atoms vastly increase the fermi energy when compared to their substitutionally added

i

(b)
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B

®cC

(c) (d)

Figure 26: substitutional and interstitial Bonding configuration of a-b) Nitrogen, c-d) Boron®*

2.3.3- Co dopant systems
Co doping is the addition of two or more dopant species within structure of a bulk crystal lattice.

This primary need for co-doping within diamond is to produce a doner species within the
diamond lattice that is shallower than conventional donors such as phosphorus and nitrogen,
making for a better N type semiconductor. Examples of this is a first principles study by D.Segev
in which the incorporation of Silicon-Nitrogen complexes was studies. Structures where silicon

surrounds the nitrogen, was theorised to push the donor level of the nitrogen dopant to a greater
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energy, making it a shallow dopant©2. At greater atomic volumes during modelling the complex

was situated close or deeper in energy than phosphorus doping.

There are several drawbacks to the use of co doped species within diamond, for example, the
localised structures involving the co dopants can vary drastically, giving rise to various degrees of
donor/acceptor levels. This variation is statistical in nature, thus alteration of the parameters

used to incorporate the dopants may allow for the favouring of specific structures®*.

2.4-  Diamond surface modification
Bonding which occurs at the diamond surface can vastly affect the emission properties of

diamond, making it a focal point of thermionic research. Upon growth CVD diamond, the
outmost carbon lattice is abundant in vacant sites, which are energetically unstable. The
diamond surface instability can be mitigated via two methods: reconstruction of the diamonds
vacant surface to lower energy configuration can occur. Alternatively, the addition of
termination species can stabilise these vacant sites. The bonding between the carbon and
terminating species can vastly alter the electronic properties at surface level. This occurs due to

the dipoles formed between the surface boundaries.

2.4.1- Lattice-Surface interface
The presence of hydrogen ions produces a dipole at the C-H boundary, causing downwards band

bending, increasing the fermi energy and subsequently decreasing the work function of the
diamond material at surface level.

Hydrogen terminations are the most accessible surface termination, being the standard
termination species present for studies of doped diamond films. This is due to the use of
hydrogen plasma during diamond growth. Upon completion of diamond growth, hydrogen atoms
from the remaining plasma stabilise the dangling bonds of the diamond surface. For the
outermost carbon atoms on the diamond lattice. Hydrogen terminated diamond film exhibits
negative electron affinity, reducing the work necessary for electron emission. Application of
hydrogen based thermionic emitters is restricted however, due to hydrogen’s tendency for

desorption from the surface at high temperatures.
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Figure 27: Hydrogen termination of a) (111), B) (100) diamond surfaces

For divalent or metallic species, the bonding to the diamond surface can vary. For example,
Oxygen, a divalent atom, can exhibit 3 bonding motifs: That of ketone, Ether and alcohol. The
prevalence of a given oxygen motif on the diamond surface is dependent on the termination
technique used. Consequentially, the different types of bonding give rise to a difference in surface
work function depending on the relative populations of oxygen motifs on the diamond
surfacel®.In terms of thermionic emission, oxygen terminations are unfavourable due to oxygen
producing a positive electron affinity surface, raising the energy necessary to liberate electrons
from the surface. Subsequent layering of metal terminations after oxidation of the diamond

surface maintains the NEA needed for efficient electron emission while improving the bonding

between diamond and the terminants added.

2.4.2- Surface terminations and work function

Extensive theoretical studies on diamond terminations have been recorded in literature:

Species | Orientation | Coverage /ML | K. /eV | EA [eV
Li (100) 1 -3.64 -3.5

Ia (111) 0.5 —4.37 397
MNa (100) 0.5 2.41 1.30
Cs (100) 0.25 -2.19 2.4
Mg (100) 0.5 3.92 277
MgO (111) 0.25 —-5.72 —3.08
Al (111) 0.25 -7.31 =2.17
Cu (100) 0.5 -2.35 -1.28
n (100) 0.5 -1.13 -3.05

Table 1 : List of theoretical adsorption energies of metal terminants on undoped diamond, recovered

Two promising metal terminations for improved electron emissions are lithium and magnesium.
In both cases, their low atomic mass makes their addition to the diamond surface relatively
feasible. Both species have been observed to sufficiently increase the NEA of the diamond

surface and reduce the work function. Like hydrogen, they both are limited to the temperatures

from Rae-Darcia Holmes”’
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they can operate at due to surface desorption. Experimental work performed by Rae-Darcia
Holmes observed the emission current of Lithium oxide terminations on nitrogen doped
diamond, showing a thermal activation temperature of ~650C and emission currents of 1 and
rising to 1.5 through emission cycles. It was noted that the smooth currents formed were likely

resultant of a relatively uniform surface.

2.5- Depositing terminations
2.5.1- Surface Oxidation
The oxidation of the diamond surface can be performed by a variety of methods. In terms of the

bonding structures on the diamond surface, the method which oxidation occurs can influence
the structural population on the film. In terms of the work performed in this project, UV-ozone
was utilised. This method of oxidation is relatively straightforward and quick at producing an
oxygen terminated surface. In terms of how the oxygen is added to the surface, the use of a
mercury filament lamp induces radical dissociation of molecular oxygen bonds, producing radical
species which can attack the diamond surface. The mechanism of this radical dissociation is as

follows:

0, + hv - 20
0,+ 0 - 0,
O3 +hv - 0 +0,
(18)

2.5.2- Ultra-high vacuum deposition
The addition of single layer, metal terminations is performed using ultra high vacuum. The

deposition chamber used utilises current through a metal filament to induce evaporation of
metal atoms at the materials surface, in which it travels towards the diamond sample and bonds
to the sample. This method of deposition is optimal as it allows to produce fine atomic size
thickness films.
2.5.2.1- UHV chamber

The Ultra high vacuum scale defines ranges of pressure below 1x10-6 pascals. At such pressures,
any gas remaining has little intermolecular interactions from one another, thus atoms within the
system have free molecular flow. To reduce fluctuations of pressure within the chamber, the

chamber under pressure must be baked at high temperatures to cause outgassing of all surfaces
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within the chamber. Outgassing is the removal of surface bound gas molecules within the

chamber, that can be removed via low pressures or high temperatures.

In terms of surface terminating the diamond sample for the project, low pressures are necessary
to prevent any stray gas particles from obscuring the sample surface from the ejected metal
atoms.

2.5.2.2- Filament evaporation
To terminate the diamond sample with metals, a filament of the metal used for termination must
be placed next to the sample with the diamond surface facing the filament. Like the chamber,
the filament and sample must be pre-annealed to ensure all bound gas molecules are removed

from their surfaces.

For terminating metal onto the surface of the diamond, a current must be induced on the
filament, causing heating. The heating of the filament is proportional to the current induced, thus
raising the current allows the filament to reach a temperature which ejects the hot metals atoms
off the filament surface. In UHV conditions, ejected metal atoms diffuse to the cold diamond

surface to evaporate, adhering to the diamond surface.

In terms of lithium deposition, 1.5 minutes is needed to evaporate enough metal to form a full

metal layer on the diamond surface.

2.5.3- Absorber surface alteration
In a thermionic device, the back end of the substrate diamond is grown is used to absorb energy

from a light or thermal source. Optimisation of the absorber surface is essential to supplying
energy to the emitting diamond surface. Two methods have been utilised previously to produce
a more absorbant surface.

Diamond-like carbon
By altering the parameters used for deposition within MPCVD, a film of amorphous, glassy carbon

is deposited onto the back end of the emitter substrate.

38



Parameter Value
Methane 25sccm
Hydrogen 300sccm
Nitrogen 1.5sccm
Pressure 140Torr
Power 1.5kW
Temperature | 1200C
Time 3 hours

Table 2: Synthesis parameters for diamond like carbon; performed by Rae Darcia Holmes

When comparing DLC conditions to standard diamond growth parameters, we see a ~10-fold
increase in the concentration of methane added to the system. The additional carbon
concentration results in a greater proportion of graphitic species being formed form the growth,
producing an amalgam of sp3 and sp» carbon structures which can better absorb radiation than
the conventional molybdenum surface.
Laser etched gratings

The use of gratings on the molybdenum surface has been observed to increase the thermal
absorbance of the substrate by 90%. The gratings are fabricated using a high-powered laser to
etch parallel lines separated by 10.5 microns. The addition of the micron sized gaps produces a
characteristic matte back surface which efficiently absorbs visible light. For the project, laser

gratings were employed on the absorber surface of the samples produced.

3- Experimental

3.1- Sample preparation
A total of 6 growth runs were performed on the MPECVD reactor within the University of Bristol

diamond lab. Initial growth runs on silicon were performed to determine the growth rate of
boron doped diamond within the reactor. Further growths on molybdenum diamond film with

boron and nitrogen doping were later fabricated and used for thermionic studies.

Substrates were manually abraded with diamond nanoparticles. The substrates begin as
reflective materials, which upon nucleation of diamond, gives a grey, opaque hue. A swab is
saturated with isopropyl alcohol and rubbed on the nucleated surface to remove loose
nanoparticles from the abraded surface. This prevents the growth of clustered diamond on the

growth surface.

39



The reactor is opened to atmospheric pressure via the valve highlighted yellow. A 0.5mm
molybdenum wire and disk is centred on the baseplate of the reactor chamber, with a sample
placed on top. The stage of the reactor is then moved to isolate the chamber, with the valve for
air being closed and the one to pump opened. The water and air coolant systems are enabled for

both the reactor and magnetron.

Tuning rods /| ’ \\\ |.
1 || v
Waveguide .H‘ ‘\

. Magnetron
Air cooling e
Reactor
,,,,, Water cooling
Pump valve
- Power supply
Air valve
Stage

Figure 28: MPCVD setup, annotated

chambers pressure is reduced to 5x10°pa, to which the hydrogen gas line is enabled on the mass
flow controller on the rack (gas flow set to 300sccm for all runs). On the rack, the pressure of the
vessel is stabilised to 15 torr before striking the hydrogen gas with plasma (starting with ~0.64
MW). The pressure and power are then raised to the conditions outlined in 3.1.1 & 3.1.2, with
the methane and dopant gases being added at their respective concentrations at a pressure of
50torr. During this increase, the tuning rods are manipulated to minimise the reflective power of
the produced microwaves. The temperature of the sample is measured via a pyrometer attached
to the reactor setup and is displayed on the rack, The emissivity of 0.19 and 0.18 was set on the

display for silicon and molybdenum respectively.

3.1.1- calibration growth
The initial calibration growth of boron doped diamond was performed using the following

parameters:
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Parameter Value
[Methane] 1.5sccm
[Hydrogen] 300sccm
[Diborane] 2.1sccm
Pressure 140Torr
Power 1.5kW
Temperature ~950C

Table 4: calibration growth parameters

2 calibration growths were conducted using diamond nucleated (111) silicon, with the above
setup described in 3.1 performed each time. The intervals for growth were of 1 and 2 hours
starting from the stabilisation of the temperature and power used. Upon completion of growth
on each sample, thickness of the growth was recorded by breaking the sample in half using a
diamond scribe and observing the width of the snapped cross section under Scanning electron
microscopy. From this, a plot of film thickness relative to time can be produced. It is extensively
reported that growth rates of diamond films follow a linear pattern, thus the two runs can be

extrapolated to determine the growth rates of longer deposition times.
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Figure 29: calibration growth runs plotted against thickness

Observing the calibration plot, we can identify that the initial data point’s calculated thickness is
limited. This is characteristic of diamond growth; as growth sites become established, the growth

rate becomes linear.
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3.1.2- BNDD growth
3 growths of boron-nitrogen doped diamond films were fabricated with identical parameters for

growth. The initial 3 hours of growth employed Diborane gas to produce a p-type diamond film,

to which the dopant gas is replaced with nitrogen for the final hour:

Parameter Value
[Methane] 1.5sccm
[Hydrogen] 300sccm
[Diborane] 0.5sccm
[Nitrogen] 1.1sccm
Pressure 140Torr
Power 1.5kW
Temperature ~950C

Table 5: BNDD growth parameters

Despite identical conditions being used for growth of the diamond film, observation of the final
growth run showed a region of significant difference in colour compared to the first two growths:
a circular spot of darker film covering a third of the sample surface. Subsequent analysis of the
samples outlined in section 3.2.1 and 3.2.2 shows significant difference in structure of the
diamond film, hence further analysis was terminated for BNDD-3.

3.1.3- Sample oxidation
BNDD 1 and 2 were oxidised in preparation for lithium deposition using the UV-Ozone generator
within the Bristol electrochemistry lab. The ozone generator functions at room temperature an
ambient pressure. BNDD-1 and 2 were placed in the generator for 30 minutes to produce an
oxidised surface layer.

3.1.4- Lithium termination
Lithium deposition onto BNDD-1 and 2 was performed in the deposition chamber of the
NanoESCA, a versatile machine used for both deposition and photoemission analytical

techniques used before and after deposition steps.
[insert nanoESCA image]

The samples were mounted and secured on slides used to manoeuvre the sample throughout
the UHV chambers. For sample loading, a chamber containing a wobble stick with loading slots
is brought to atmospheric pressure. The sample are then loaded, the chamber isolated and

pressure reduced to UHV conditions. For the transfer of the sample from the loading chamber to
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the deposition chamber, the pressure within the loading chamber is brought to 1x10-7pa, this is
to ensure that no significant fluctuation of pressure occurs upon movement of samples from one

chamber to another.

To remove contaminants from the surface of both the filament and sample, pre-annealing is
performed. For the loaded sample, the stage which it is situated on is gradually heated to 300C
(max pressure reached from outgassing: 1x10°® mbar), where the sample is allowed to outgas
weakly bonded surface contaminants for 1 hour. A current of 2.7A with a voltage of 2.5V is
applied to the lithium filament, heating it to 439C. The temperature and pressure (3x10® mbar)

are maintained for 15 minutes, ensuring all contaminants are removed.

The sample is then positioned aside the filament, with the diamond surface facing it. The

following parameters were used for the evaporation of lithium onto the diamond film.

Parameter Value
Temperature 440C
Current 2.7A
External voltage 2.6
Background pressure | 3x10°mbar
Deposition pressure | 3x10®mbar

Table 6: parameters for lithium deposition
The parameters used for deposition were pre calibrated from recent deposition experiments 77,

Upon analysis, BNDD 1 was observed to contain lithium on the surface (section 3.2.2). BNDD 2
was unable to undergo termination of lithium due to dislodging from the sample stage within the

deposition reactor.

BNDD 1 was transferred from the deposition chamber to an adjacent analysis chamber for post-
anneal treatment. The use of annealing after deposition allows for the surface reconstruction of
lithium to promote bonding between the lithium and oxygen layers on the diamond surface. The

anneal treatment was performed at temperatures of 500C for 1 hour.
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3.2- Analysis
3.2.1- Surface quality

3.2.1.1- Raman spectroscopy
Initial analysis of hydrogen terminated BNDD samples (henceforth referred to as H-BNDD)

utilised Raman spectroscopy to briefly analyse the bond structures present on the diamond
surface 194, For Raman analysis, the incidence laser interacts with molecular vibration within the
diamond lattice. Upon relaxation, and photon of greater wavelength is re-emitted. The difference
in wavelength (known as stokes shift) is plotted the form of wavenumbers. Diamond has 3
characteristic peaks that occur during Raman spectroscopy, which can be used to determine the
surface structures of the samples. For recording of spectra, 15 frames of 10 second exposure

time was taken at 60% laser power.
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Figure 30: Raman spectroscopy of BNDD samples

The resulting plots from Raman spectroscopy of the 3 show the prevalence of Sps carbon
structures on the surface of the material, this is representative of the 1332cm™ peak in the centre
of the plot. Furthermore, the D-band, where disordered carbon can be identified is absent of any
significant peak. Primarily, the D-band peak is indicative of boron surface doping. Absence of this

peak signifies lack of migration of boron species to the surface layers.

The G-band region is characteristic of graphitised surfaces. From the spectra taken, it is apparent
that H-BNDD 3 has a greater population of graphitised species, which may explain the defect

observed on the surface.
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3.2.1.2- Scanning electron microscopy
Scanning electron microscopy (SEM) utilises an electron beam to bombard the diamond surface

with electrons. The bombarded material produces secondary electrons which can be detected,

to which an image showcasing the topography of the material surface is produced.

It is recorded that species with NEA, or electropositive surface dipoles produce a brighter
images, as the proportion of secondary electrons from these regions are greater. Conversely,
electronegative species are observed as darker regions on the produced image. H-BNDD 1-3

were all analysed via SEM.

gt
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Figure 32: H-BNDD 2 SEM images at left) 10,000 magnification and right) 2,000x magnification
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Figure 33: H-BNDD 3 SEM images at left) 2,000x magnification and right) 5,000x magnification

Analysing the different structures of the H-BNDD samples, we can observe facets of <111>
and <001> prevalent on the diamond surface. Strikingly, a checkered contrasting pattern can
be observed both on a given facets. Comparison with literature using Boron doped samples
indicates the checkered patterning observed on the surface is a result of partial graphitisation

on the diamond surface as well as boron segregation permeating through the surface layer%4,

In terms of the diamond film quality from the three samples. Extensive production of ledges
and terraces can be observed; This is indicative of a high degree of surface roughness, an

observation made when performing PEEM analysis on the sample.

Regarding the defect observed on H-BNDD 3, the region in which the defect occurred was
analysed by SEM, presenting with a much lower contrast compared to the other samples. This
however is only indicative of the defect region, as analysis of other regions of the sample are

more characteristic of the other samples secondary electron emission contrast.

3.2.2- Composition

3.2.2.1- X-ray photoemission spectroscopy
XPS utilises x-ray wavelength light to excite electrons within a materials core energy levels. The

subsequent quenching of the energy level releases a photon of light in accordance with the

photoelectric effect.

Ebinding = Epnoton — Exe

The re-emitted electron has a different kinetic energy than the incidence, which can be measured by

a detector and from that, the bonding energies and composition of the sample can be determined.

XPS is carried out under UHV within the nanoESCA instrument. The XPS parameters are as follows:
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The XPS instrument Scienta/Omicron Argus Analyser with a monochromatic Al Ka X-ray source
(1486.7eV) was used at a base pressure of 2x10! mbar. An aperture of A4, pass energy of 50eV was
used for survey scans and 20eV for high resolution scans. A -0.5 eV, 0.25s and 0.5s step energy was

used for surveys and focused spectra respectively.

Scans were conducted for all H-BNDD samples, as well as the lithium oxide terminated BNDD sample
1 (henceforth known as LiO-BNDD-1). As H-BNDD 1 was the only sample which was terminated with

lithium oxide, compositional analysis will focus on this sample only.
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Figure 34: XPS survey of H-BNDD1
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Figure 35: XPS C1s spectra of H-BNDD1
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Figure 36: XPS N1s spectra of H-BNDD1
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Figure 37: XPS O1s Spectra of H-BNDD1
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Figure 38: XPS B1s spectra of H-BNDD1
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Figure 39: XPS survey of LiO-BNDD1

Observations of H-BNDD 1 spectra indicates the partial presence of boron and oxygen at the surface
of the diamond material. The boron presence could indicate migration of the dopant species closer

to the diamond surface, whilst the oxygen presence is likely from air exposure. The characteristic
carbon 1s peak at an intensity several magnitudes greater than other species such as oxygen. With
regards to oxygen, it’s 1s and carbon attenuation peak before deposition of lithium is larger than

after the deposition of lithium onto the surface, this could indicate potential removal of oxygen from
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BNDD diamond from either the deposition process or the annealing steps that were taking prior to
analysis. As a larger proportion of oxygen was expected from the latter spectra, this could indicate

ineffective surface adhesion to the co-doped diamond film.

With regards to the lithium peak on the LiO-BNDD spectra, the relative sensitivity of lithium with
regards to carbon is 0.0568, thus the peak only shows as a pixel on the far left of the spectra. Despite
this, the question remains on whether the amount of lithium terminated onto the surface is
characteristic of a full metal layer, half metal layer or lesser adhesion to the surface. Research of

relevant literature gives no explanation for these findings.

3.2.3- Work function and emission

3.2.3.1- Ultraviolet photoelectron spectroscopy

Like XPS, UPS employs an energy source to excite the electrons within the materials structure, which
are then re-emitted to a detector. The employment of UV light in place of X-rays permits the probing
of valence band electrons from a materials surface. The resulting spectra produced provides an
indication on the electronic structure of the diamond film’s surface.

From binding energy range 0 to 12, we can deduce the valence band minima of our material’s
surface, as well as a general indication of the band structure. For binding energy range 15 onwards,
we can determine the secondary electron peak, the high energy cut off point for our material, and
most notably, the work function.
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Figure 40: Illustration of the electronic structures within UPS spectra

H-BNDD 1 and LiO-BNDD 1 were both analysed via this method. The UPS instrumentation setup is as
follows: UPS measurements were taken using Focus/ScientaOmicron NanoESCA Il with
monochromatic He | source (21.2eV). The focus of the instrumentation had a field of view of
(243.12um), a pass energy of (50eV), slit width of (0.5mm) with a contrast aperture inserted in the
back of the focal plane.
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Figure 41: Valence band structure from H-BNDD UPS spectra
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Figure 42: high energy cut off and work function structures from H-BNDD UPS spectra

UPS spectra of H-BNDD1 indicates a VBM of ~4.48eV from the fermi energy of the sample. The high
energy cut off was determined as 16.8 eV and with this and the helium UV source energy of 21.2eV,
we can determine the work function for our H-terminated material to be 4.4eV. This work function is
like that observed by C.I. Pakes et. al. where they determined the work function of annealed hydrogen
terminated diamond to be ~4.37eV.
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LiO-BNDD 1 UPS spectra
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Figure 43: Valence band structure from LiO-BNDD UPS spectra
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Figure 44: high energy cut off and work function structures from LiO-BNDD UPS spectra

For LiO-BNDD sample, we can determine the VBM of the surface is ~4.53eV, with the high energy cut-
off of the sample being 17.2. With a work function of 4eV, we can conclude that, assuming the region
measured had lithium oxide terminations present, that the addition of such a surface termination
reduces the work function of BNDD diamond by 0.37eV.

3.2.3.2- Photoemission electron spectroscopy

PEEM used the same instrumentation as UPS. The different between the two is that PEEM can
produce a spectra from individual states within a chosen area of a sample which, when processed,
and provide crucial work function data based on a topological region of the sample. This can both
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give indications as the distribution of the work function across a grown diamond surface, as well as
provide insight into the surface roughness of the sample.

35 35

Figure 45: Work function plots for left) H-BNDD, right) LiO-BNDD

When comparing both samples to their UPS spectra’s, we can validate that the estimated work
function determined prior is consistent with the heat map of both our samples. When comparing the
two heat maps, we can see that, like the calculated work function, there is only minor differences in
the topology of these work functions map. From first glance, we can determine that the greater
prevalence of blue regions on H-BNDD likely resultant of the samples higher work function.
Furthermore, the fluctuation in colour can be indicative of a very rough surface, which is of
detriment to the work function of the sample. For LiO-BNDD, a greater uniformity can be identified
across the sample surface, this likely resultant of the annealing process causing surface
reconstruction, subsequently improving work function of the sample.

With these heat maps, surface roughness can be quantitatively analysed. By grey scaling the work
function map, employing MATLAB allows for a population distribution to be produced.
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Figure 46: Distribution plot of greyscale work function map H-BNDD
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The histogram for each sample gives us a clearer picture as to the distribution of work function
across each surface. For the x axis, each tick increase of 85 equates to 0.5 eV in terms of work
function, starting form 3.5eV. Surprisingly, examination of the region of lower value work
function shows that the H-BNDD sample presents with a small population of low work function
regions on the diamond surface. This, however, is couples with a much larger distribution of
work functions across the histogram. This difference in density of distribution likely accounts for

the larger work function seen in H-BNDD

4- Discussion & conclusion

4.1- Results overview
Several samples of boron and nitrogen doped diamond films were synthesised and characterised

for their work function values and growth quality. The samples were grown using MPCVD on a
molybdenum substrate. Though identical conditions were used for each film growth, the surface
guality of one of the samples varied drastically, likely due to prominence of graphitised surface
defects. It was observed that the co doping film under SEM, gave rise to highly disordered surface
morphology which likely resulted in negative implications for the work function calculations later
tested, as well as the potential adhesion of the terminating species to the diamond substrate.
BNDD sample 1 was selected and compared between its hydrogen terminated and lithium oxide
terminated forms. Subsequent compositional analysis of the sample at both stages indicated
both the removal of oxygen from the diamond surface after ozone treatment, as well as potential
inefficient binding of lithium to the oxidised surface. Despite this, we were able to present the
reduction from a work function of 4.37eV for the hydrogen terminated sample, to 4eV for the
lithium oxide terminated sample. Comparatively, these work function results are much larger in

value compared to research literature for different dopant systems.”’

While positive results were recorded, the lack of the repeatability within the study means that

reproduction of work is necessary to validate the results published.

4.2-  Future work
The primary intention of this study was to characterise the emission current of the diamond

growth via use of the thermionic emission current simulator (TECsim), an apparatus used to raise

the temperature of the sample and measure the density of electron emitted from the sample

55



surface. Due to down time of the equipment, along with time constrains following the repair of

the apparatus, no usable data was collected from using the machine.

It would be imperative to study the samples produced for this study in an applicable environment
like that of the TECsim, as though the work functions calculated can give an indication as the
threshold temperature needed for thermionic emission from a given sample, the functional use
of the TECsim allows for the quantitative reporting of the emissions produced from such an
emitter at a given temperature. Furthermore, the stability of the diamond film can be deduced
by utilisation of the TECsim, as desorption of the termination species from the diamond surface

would indicate what temperatures the device is operable to.

The initial scope of the project included a variety of diamond film growths which would have
proved beneficial for supporting the results attained from this study. A key developmental scope
was the production of a n-p junction rather than the gradient like growth of the samples used for
this study. Furthermore, an additional metal (lithium or magnesium) oxide layer was to be added
to the diamond surface, with the rationale that additional termination layers on the diamond

surface could further drive the reduction in work function.
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