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Abstract
Thermionic energy converters for the most part have been neglected as viable devices for energy

production due to their low efficiency, however with recent advances and possible further research
their viability as efficient devices becomes more feasible and is certainly a concern for the future of
clean energy production. For the most part investigations into this field have been concerned with the
construction of strong thermionic emitters, for this project the focus was in the determination of viable
semiconductor electron collectors in these devices and in particular investigating the effect that
surface functionalisation and therefore the electron affinity of the material can have on the overall

efficiency of these systems.

A variety of chemical vapour deposition(CVD) diamond films were used as the experimental
collectors used for thermionic testing, as well as a hydrogen terminated nitrogen doped diamond film
as the sample emitter. Two types of diamond films were grown using the microwave plasma enhanced
CVD technique, namely, nitrogen doped diamond and phosphorous doped diamond films. These
materials were used with varying surface terminations of hydrogen, oxygen and tin monoxide. The
surfaces were analysed using Raman spectroscopy and SEM in order to determine their quality of
growth and differences in growth. For the case of tin monoxide surface termination XPS was used to
investigate the quality of the deposition of this layer. The thermionic profiles taken for each material
were performed at 25 V and 5 V in order to determine the effect of the surface termination in a case
with and without space charge mitigation. The maximum recorded current of 0.408 mA was measured
for the hydrogen terminated phosphorous doped diamond collector surface at a bias voltage of 25 V
this is due to its low work function and high negative electron affinity. The lowest overall measured
current of 0.00139 mA was measured in the hydrogen terminated nitrogen doped diamond sample at a
bias voltage of 5V. Similarly the lowest recorded effective work function of the emitter sample was
measured for the hydrogen terminated phosphorous doped diamond, the measured effective work

function was 2.251+0.002 eV.

The motivation behind this research was to determine, if any, the possible benefits to having a
collector in a thermionic energy converter with a positive electron affinity but a low work function as
a means of optimising the efficiency of a device, by mitigating the back emission that is possible in
thermionic energy collectors. This research is with a view to producing a viable thermionic energy

converter which can operate with low space charge mitigation effects within.
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1.0 Introduction
1.1 Diamond

Since their discovery and use as decorative status symbols or engagement articles, diamonds have
transformed from the glamorous to the useful such as in the use of diamond coated tools. Recently,
however, they have taken a different form as possible alternatives for energy production. Their
usefulness in this endeavour is derived from their strong thermal resistance and from the discovery of
a method to synthetically produce diamond. Despite the sizable bandgap of 5.47 eV[21] of natural
diamond the possibility of doping synthetically grown diamonds allows for them to become a viable

energy source by reducing this.

In this way as the sophistication of the synthesis process was furthered it became possible to grow
diamond films allowing for different shapes and sizes to be formed, for instance diamond nanotubes.
This allows for a myriad of uses for diamond to be investigated such as in the fields of energy
production or in bactericidal surfaces[24]. Most importantly for the field of energy production it
allows for the possibility of the creation of solid state devices[54] which can be used to generate

power via thermal or photovoltaic conversion.

Initially the first reported and verified creation of a synthetic diamond was performed by General
Electric in 1955 using a technique which would come to be known as the high pressure high
temperature technique(HPHT). In short, this technique operates by using a very high temperature and
pressure system with a metal solvent capable of dissolving graphite which then forces the
crystallization of diamond to occur due to its insolubility in a metal solvent[1]. This technique,
though ground breaking was cumbersome and inefficient providing synthetic diamond of low quality.
In this way a new method of diamond synthesis was created, namely, chemical vapour deposition
(CVD) synthesis, whereby a diamond film is formed via the deposition of an activated hydrocarbon
gas onto a substrate. This was initially achieved by the Soviet group in 1969 and further improved
upon via the addition of hydrogen to the gas mixture in the 1970’s[2]. The addition of hydrogen
improved the purity of the diamond formed by removing graphite during the formation process.
Following this the techniques for synthetic diamond formation became more and more complex with
the use of hot filament CVD in 1982 by S. Matsumoto et al[3]. In this technique the premise is to use
a hydrocarbon gas environment heated to a high enough temperature to produce hydrocarbon radicals
which attach to the surface of a substrate forming a diamond layer with subsequent hydrocarbon
radicals. However a problem with this technique is the filament material can itself be incorporated
into the film at high enough temperatures, producing less pure diamond. In this way a second
technique was developed in 1983 by M. Kamo et al using a microwave plasma to heat the gas

environment so as not to unintendedly dope the sample with elements of the reactor[4]. The



importance of the CVD method is not only relevant to the purity of the diamond, but also to the fact

that it allows for the doping of diamond to occur, allowing for the possibility of conducting diamond.

Figure 1: A schematic showing the primitive unit cell of diamond. (Built using Avogadro).

Diamond itself is a material of incredible use, be that for its hardness and therefore its use as a coating
for tools or for its strength and resistance to chemical degradation. In its bulk, diamond consists of
carbon with sp® hybridised covalent bonds formed in a tetrahedral shape which forms a face centred
cubic lattice. The primitive unit cell of diamond may be seen in figure 1. The covalent bond strength
in diamond is 347kJ/mol which accounts for this large thermal resistance and hardness[2]. Due to the
nature of its bonding diamond exhibits a high band gap in its undoped state as there are no free
electrons for the carbon in bulk to donate and nor are there holes to accept them. In comparison
graphite, another allotrope of carbon, forms layered hexagonal sheets of sp? hybridised covalently
bonded carbon, see figure 2, which are conducting due to the extra electron remaining from only
covalently bonding 3 times. Additionally, this allotrope of carbon in contrast to diamond has a low
hardness as the hexagonal layers easily slide over each other due to weak Van der Waals forces in

between the layers[55].



Figure 2: A schematic of the structure of graphite.(Built using Avogadro).

1.1.1 Diamond Film Synthesis
The synthesis of diamond films operates principally by forming a diamond film on a seeded substrate

via a homoepitaxial or heteroepitaxial growth method, the substrate is seeded to ensure there are
nucleation sites to expedite the growth process. There are many methods for seeding the substrate for
instance via abrasion of the surface with nano diamond which roughens the surface to allow for faster
nucleation. Another method of seeding is known as electrostatic spray deposition whereby nano
diamond particles are deposited on the surface of a substrate via a vapourised solution. It is important
to use seeding techniques in order to lower the time taken for growth and in some cases this is a more
important factor as the substrate may not form a good enough interfacial carbide layer to allow for
diamond growth or in others it may form only a carbide layer, so a substrate that is reactive and yet
not too reactive with CHs is important for diamond film growth. Additionally, the thermal expansion
coefficient and melting temperature of the material must be taken into account when choosing a
substrate due to the high operating temperatures of the synthesis and low thermal expansion
coefficient of diamond(0.7 x 10® K'[25]). If a material with a high thermal expansion coefficient,
relative to diamond, is chosen this will result in difficult synthesis with a high chance of delamination
at the end of the growth process. Furthermore, and in particular for this project, a substrate is required

also to improve the heating characteristics of the diamond material as the main pathway for heating



diamond is via phononic energy transfer, thus a material which can be radiatively heated efficiently is

required.

In general the growth process of a synthetic diamond involves temperatures and pressures of around
1000-1400K and 100-140 Torr respectively, as well as a gas environment of methane and hydrogen in
a ratio of 1 percent to 99 percent respectively[5], in some cases oxygen can be used as well. The
synthesis of diamond films is an extremely particular process which is dependent on the proportions
of hydrogen, oxygen and carbon as well as the temperature and pressure of the system. As such there
is an extremely particular ratio of these three elements that allows for diamond growth this can be
described by a Bachmann diagram as seen in figure 3. This figure indicates the specific region that

allows for diamond growth it can be seen that there is a region which requires only carbon and

hydrogen for growth.
C
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Figure 3: A Bachmann diagram detailing the composition of C,H and O that allows for diamond
growth, adapted from [63].
This gas mixture is paramount to the quality of the growth as a higher ratio of methane would result in
a considerable quantity of graphitic carbon forming in the diamond film despite a quicker growth as
the rate of graphite etching relative to growth of the graphite would be lower. Similarly hydrogen is

used in the gas environment to ensure the quality of the film for a multitude of reasons:



1. For etching away unwanted graphite from the surface faster than that of the formed diamond
due to the lower density of the sp* configuration[57,62].
2. To activate surface C-H to C* by removing the excess hydrogen bonded at the surface.
3. Creating methyl radicals necessary for deposition on the surface itself[56].
4. Surface terminating with dangling bonds at the surface of the material to ensure no cross
linkage and subsequent formation of graphite during the growth process[63].
The currently proposed mechanism for the formation of diamond on the surface of a substrate
involves the formation of CH3z and C,H, from CH4 and C,Hs respectively which is then deposited on
the surface and then has the subsequent leftover hydrogens removed[61]. A proposed mechanism for

the deposition of diamond to a surface may be seen in figure 4.

The two most widely used methods of growth are the hot filament and microwave plasma enhanced
CVD (MPECVD) methods, in this study the MPECVD method is used. This method is generally used
due to the high quality (lack of graphitic carbon) of the diamond film produced as well as the shorter

growth time in comparison to hot filament growth.
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Figure 4: A proposed mechanism for the growth mechanism of diamond films by the addition of CH3,

adapted from[63].



1.1.2 Microwave Plasma Enhanced Chemical Vapour Deposition
The MPECVD method operates by the production of a plasma in the reactor environment which is

created using microwaves produced by a magnetron. This plasma is then controlled by the pressure in
the reactor and the power output of the magnetron to create a sphere of plasma which lies over the
surface of the substrate heating it to temperatures upwards of 1000K, allowing for deposition onto the
surface[50,51]. A schematic of this reactor may be seen in figure 5. An advantage of this technique is
that there is no possibility of contamination to the diamond film as a function of the reactor materials

itself unlike in a hot filament deposition reactor where the material of the filament can be incorporated

into the growth.
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Figure 5: A schematic showing the basic structure of an MPCVD reactor, Taken from [20].
1.2 Conductivity

Though as previously described in its base form diamond is an insulator due to its large band gap and
fully bonded carbon atoms, it can be made to conduct via the process of doping. For instance it can be
doped with boron or nitrogen to produce p-type and n-type semiconductor behaviour respectively.
Furthermore, though the bulk sp® hybridised diamond is non conductive, at the grain boundaries of
each diamond crystal carbon takes the sp® hybridised form i.e. graphite which is conductive. In this

way the less pure the diamond film is the more conductive it is due to the increase in graphitic content



due to smaller grain sizes resulting in more grain boundaries. Furthermore due to surface defects such
as kinks the charge distribution along the surface will not be homogenous and as such charge will

exchange between the surface and the bulk causing the bands to bend at the surface.

1.3 Diamond Doping

Diamond, alongside other materials, can be impregnated with impurities to alter the electrical
properties, this process is called doping. When diamond is doped the band gap between the
unoccupied conduction band and the occupied valence band is reduced which can produce
semiconductor behaviour. The most common dopants used are nitrogen and boron and in some cases
phosphorous[58] can be used, however the process is difficult due to a larger difference in atomic
radii between carbon and phosphorous. In each case depending on the number of valence electrons
relative to that of carbon the material will exhibit n or p type doping[59]. In short, these refer to a
situation where a dopant can donate or accept electrons respectively. Furthermore doping can affect
the position of the Fermi level due to the conservation of charge neutrality and concentration of free
carriers[60]. In the case of an n-doped system the Fermi level moves closer to the conduction band
whereas for a p-doped system the Fermi level can be found closer to the valence band, this may be
seen in figure 6 and table 1. The doping of a system allows for greater conductivity by lowering the
gap between bands to the Fermi level. For example in the case of n-type doping the gap from the
Fermi level to the conduction band is smaller than in the intrinsic case. Additionally, depending on the
type of doping the bands will bend at the surface differently, in the case of n-type doping the bands
will bend up and for p-type the opposite is true. This effect may be seen in figure 7.

Conduction Band

Eg(intrinsic)

------------------ Er(p-type)

Valence Band

Figure 6: A band diagram showing the structure of bands with the position of the Fermi level relative

to the type of doping.



Table 1: A table showing the position of the Fermi level relative to different bands.[11]

Dopant Phosphorous Nitrogen Boron
AE of Fermi level to||0.37 1.70 N/A
Conduction Band/eV

AE of Fermi level to||N/A N/A 0.36
Valence Band/eV

Conduction Band Conduction Band

B,
~
), F

Valence Band Valence Band \

n-type p-type

Figure 7: A band diagram outlining the surface band bending exhibited by n-type and p-type

semiconductors[11].

1.4 Surface Termination
As previously mentioned the surface of the diamond film is paramount in the production of the film as

a whole, the surface atoms of carbon contain one dangling bond necessary to bond with further
carbons to form sp® hybridised carbon. At the end of the growth cycle these bonds must be terminated
with a different atom to ensure no formation of graphite at the surface. These terminations can be
achieved with many different atoms and molecules for instance hydrogen, oxygen or even in some
cases metal oxides. The addition of these elements can affect the electrical properties of the material
depending on the overall electronegativity of these species relative to carbon[54]. This difference in
electronegativity produces either what is known as a positive electron affinity(PEA) or a negative
electron affinity(NEA). In short, these two outcomes define the position of the vacuum level relative
to the conduction band. For a PEA the vacuum level is higher in energy than the conduction band,
meaning that in order to allow emission from a surface; an electron excited to the conduction band
must have further energy to overcome the vacuum level and leave the surface of the material.
Conversely an NEA produces a vacuum level that lies below that of the conduction band allowing for
excited electrons to leave the material only with the energy required to excite them to the conduction
band. In the NEA case there are two possible forms; a true NEA(tNEA) and an effective NEA
(eNEA). A tNEA is a system in which the vacuum level "truly" lies below the conduction band
whereas an eNEA is a system where the vacuum level lies at the threshold or under the conduction
band and some parts of the conduction band can bend below or upwards of the vacuum level as a

result of significant surface treatment[48]. These two regimes for NEA may be seen in figure 8.
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Figure 8: A band diagram exhibiting the difference between true NEA and effective NEA.

1.4.1 Hydrogen Termination
The most general form that a diamond film will be presented in after growth is that of a hydrogen

terminated diamond. Due to the abundance of hydrogen in the growth process the 'dangling' carbon
bonds on the surface will bond with the reactive hydrogen remaining in the vessel during the cooling
process from growth in order to keep the surface diamond structure. The material shows a tNEA due
to the more electropositive hydrogen producing a surface dipole with the carbon effectively pulling
electrons from the bulk towards the delta positive hydrogen (figure 9). This effect causes a tNEA to
form by lowering the energy of the vacuum level[46]. The experimentally achieved values for the
electron affinity of these diamond <100> and <111> surfaces are -1.94--2.2eV and -1.98eV

respectively[26].

(74

§teecens

% 200 * in "LIRRE

Hydrogen Termination

Figure 9: A schematic illustrating the formation of the surface dipole due to hydrogen termination at

the diamond surface, adapted from [26].

Despite this useful property of Hydrogen termination there are weaknesses, namely desorption. At
temperatures upwards of 750°C termination begins to desorb from the surface and if left at these
temperatures will eventually completely desorb from the surface. This is problematic for the

construction of a viable thermionic device[15]. Moreover, hydrogen termination is also susceptible to



oxidation via moisture in the air or the oxygen in air itself forming hydroxyl surface terminations
which lower the overall effect of the NEA surface which vastly lowers the emission[31]. In this way
hydrogen termination is problematic as even if heated at lower temperatures the surface will degrade

over time in the wrong environment.

1.4.2 Oxygen Termination
Diamond in its natural state oxygen terminates due to the abundance of oxygen in air in the

atmosphere, though there are methods to ensure that the surface is oxygen terminated. This can be
achieved via the treatment of the surface in an oxygen-plasma environment or via the cleaning of a
the surface via heating and then exposure in an oxygen rich environment using a UV ozone cracker.
The oxygen terminated diamond surface also forms a dipole like its hydrogen terminated counterpart
however in this case the poles are reversed with the negative charge being on the oxygen atom and not
the carbon atom. In effect this causes the electrons in the carbon bulk to be repelled from the surface
thus increasing the energy required for emission to occur. This effectively lays the vacuum level
above that of the conduction band. This termination can occur in two regimes where the oxygen
having 2 possible valence electrons to bond can form either a ketone or ether bond. These regimes can
be seen in figure 10. The ketone regime operates via oxygen double bonding to one carbon, whereas
the ether regime has a single oxygen atom bonded to two carbon atoms. Both configurations produce
a PEA with similar values of around 2.6eV[27]. The advantage of oxygen over hydrogen however is
that the threshold temperature of desorption is 1100°C[28]. A further advantage to this form of
surface termination is the resistance to chemical attack from H»O as even though there is a possibility

of the formation of hydroxyl termination the surface is more stable in the ketone or ether regimes.

Figure 10: A chemical diagram showing the ether and ketone forms of oxygen surface termination on

diamond(Left and Right).(Built in Avogadro)



1.4.3 Metal Oxide Termination
Despite the two main forms of generally occurring termination there are alternatives which pose

further benefits. Diamond can be given the state of oxygen termination and then be terminated a
second time with a metal to induce a negative electron affinity[28]. The benefits of this are that the
resistance to chemical attack from the environment is much greater in metal oxides meaning the
overall lifetime of the material is greater. Furthermore the NEA of the material is similar to that of
hydrogen termination, for instance tin monoxide terminated diamond has shown a theoretical
calculated NEA of around -1.37¢V with a half monolayer [32]. Moreover, metal oxide surface
terminations have a far greater resistance to temperature than hydrogen terminated surfaces allowing

for greater operating temperatures to be utilised and therefore greater emission.

1.4.4 Electron-Beam Physical Evaporation Deposition
Generally materials that are to be metal oxide terminated will be fabricated via the method of

Electron-Beam Physical Evaporation Deposition, hereafter referred to as E-Beam Deposition. E-Beam
Deposition operates by the bombardment of electrons in a vacuum on a source material causing the
sublimation of molecules or atoms on the surface of the source material, leading to the deposition of
these sublimated species on the surfaces of the reaction chamber[49]. In most cases a sample stage is
prepared with a desired substrate for deposition. Electrons are steered towards the source material
using a perpendicular magnetic field. Moreover, some devices also contain a rotating substrate stage
to ensure uniform deposition during the process. A typical E-Beam deposition apparatus may be seen

in figure 11.

] Rotation
QCM deposition Wafer
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Shutter —3» Mag""gf“"d
—
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Filament Accelerator

Vacuum pump

Electron Beam Evaporator

Figure 11: A schematic showing the basic structure of an electron-beam evaporator, adapted from

[29].



1.5 Thermionic Emission
Thermionic emission is the emission of electrons from the surface of a material via the transferral of

thermal energy to kinetic energy allowing the electrons at the Fermi level to escape past the vacuum

level. The most widely accepted relation for this phenomenon is the Richardson equation[45]:

¢
J = AgT?ekT (1)

where J is the current density, Ag is a material specific coefficient, T is the temperature in Kelvin, K
is the Boltzmann constant and ¢ is the material specific work function. This equation shows the
exponential temperature dependence of thermionic emission as well as the material specific

dependence of emission i.e. through the work function.

1.6 Thermionic Emission Devices
The first proposed thermionic energy converter (TEC) device was constructed by Julius Elster and

Hans Geitel in 1882 to 1889. The device was simple in its design with two opposing charged
electrodes it was noted when heating an electrode that a current would flow through the system.
Following this many discoveries were made to improve the understanding of this effect such as the
discovery of the electron in 1899 by J.J. Thomson, however, it wasn’t until the late 1950’s where the
progress in device design was made by Joseph Kaye and George Hatsopolous where a parallel plane
diode was used to investigate the effect of thermionic emission[7]. Following this the interest in
TEC’s increased in particular in the realm of space-based applications. Alongside photovoltaics
TEC’s posed a promising solution to the problem of energy production in spacecraft during the space
race, due to the solid state nature of the devices since there are no moving parts which could be
disrupted by the low gravity environment or the high acceleration required to escape Earth.

Furthermore the lifetime of these devices, being solid state, are large as little maintenance is required.

As well as producing reactors for space craft, the Soviets and the U.S. researched the prospect of
nuclear thermionics, whereby a TEC element would be placed in a nuclear reactor instead of a
turbine. This research would ,however, be periodically cancelled and then revisited from the 1970’s to
the late 1980’s [9]. The basic operation of a TEC involves the production of electrons at a heated
emitter (cathode) which then travel a distance towards a cooled collector (anode) which itself is
connected to the emitter allowing for the flow of current and a circuit to form. The basic design of a

TEC may be seen in figure 12.
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Figure 12: A schematic showing the basic structure of a thermionic energy converter.

With the creation of many different devices over the years came many problems with the viability of
them as widely used energy production devices. As well as the above relation many other factors
must be accounted for to model the quality of such a device. Firstly the distance of the emitting
surface and the collecting surface as though the emitted electrons may be provided with sufficient
energy to leave the surface they may not in fact have enough kinetic energy to travel to the collector
itself. Therefore, ideally as small a distance as possible is required in devices of this kind, however,
one cannot put the two surfaces too close together as either a short circuit will occur or the collector
material itself will be heated. This final thought brings us onto the next problem of device
construction, namely, emission from the surface of the collector. If the collector is heated to a
sufficient temperature for its given work function it too will thermionically emit which will distort the
electric field between the emitter and the collector, thus obfuscating the path of electrons from the
emitter and lowering the quality of emission. This too is an important consideration and is an effect
which adds to what is known as the space charge region, which can also be added to, as discussed
previously, by electrons from the emitter with an insufficient amount of energy to cross the emitter-
collector distance distorting this electric field. This effect can be mitigated by the application of a
potential difference between the emitter and collector as seen in the load in figure 12. This effect of
space charge can also be accounted for via the use of Child’s Law which relates the voltage of the

anode and the distance between the cathode and the anode to the current density of the system[43]:
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where J is the current density, €o is the vacuum permittivity, e is the charge of an electron, m. is the

mass of an electron, V is the anode voltage and d is the separation between emitter and collector.

Additionally, the thermodynamic efficiency of the device as a whole must be accounted for using the
Carnot relation for a heat engine as the greater the difference in temperature between the collector and

the emitter the greater the efficiency the device will have[44],

n=1-7 3)

where 1) is the efficiency of the heat engine, Tc and Te are the temperatures of the collector and
emitter respectively in Kelvin. Finally the work functions of both the collector and emitter are
important considerations. Both should be as low as possible, for the emitter this is the case in order to
ensure maximum emission from the sample and for the collector it is to ensure maximum collection
i.e. so the incoming electrons have as minimum of an energy barrier as possible. Given these maxims
it is possible to construct a basic thermal energy converter however if taking other surface
enhancements into account such as surface termination this becomes a more complicated problem as

it is important to consider how the surface termination changes with temperature and over time [15].

1.7 Collector and Emitter Materials
As previously mentioned the work functions of both emitter and collector should be low, ideally with

the work function of the collector being lower than that of the emitter. However the two elements of a
TEC differ in what is required for construction of an efficient TEC. For an emitter a high thermal
conductivity is required to ensure the sample can be heated easily and efficiently. Moreover, the
emitter should have a high melting temperature to ensure that there is no instability or damage to the
system during thermal excitation. Conversely the collector is required to have a low thermal
conductivity to ensure that the temperature difference between the emitter and the collector is as low
as possible at all times to increase efficiency of the system. In both cases it is also paramount that both

materials be conductive in order for the system, seen in figure 12, to produce current.

1.7.1 Polycrystalline Nitrogen Doped Diamond
Nitrogen doped diamond (NDD) is an n-type semiconducting material which becomes conductive at

300°C, this can be explained by the Fermi-Dirac Distribution[42]:

(6)
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where Er is the Fermi energy and f(E,T) is the probability of a state being occupied by an electron.
Clearly it can be seen that as the temperature increases the probability of finding electrons at a higher
energy is increased, i.e seeing electrons occupying states beyond the Fermi level, this can be seen in
figure 13. The CVD molybdenum grown hydrogen terminated variant has a relatively low work
function of a maximum at 4.2eV owing to its use as either an emitter or as a collector[19]. However
as previously discussed this hydrogen termination begins to desorb from the surface at temperatures

of 600°C. The tin monoxide variant has a reported work function of 4.1eV[12].
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Figure 13: A set of graphs showing the difference in population with relation to temperature and the

Fermi-Dirac distribution, adapted from [17].

1.7.2 Polycrystalline Phosphorous Doped Diamond
Similar to NDD, phosphorous doped diamond (PDD) is also an n-type semiconductor with a distance

from the conduction band lower than that of nitrogen as seen in table 1. For this reason it can be seen
as a viable emitter or collector for thermionic emission. Furthermore the growth process of PDD films
is problematic in comparison to that of their nitrogen doped counterparts. This is due to the size of the
phosphorous atoms distorting the overall structure of the diamond film disrupting the long range C-C
bonding that occurs in the structure and allowing for conductivity[30]. In effect too heavy
phosphorous doping can result in the formation of a greater amount of sp* carbon bonding which
reduces the conductivity of the material and the purity of the diamond film[50]. Therefore it is
important to have a low ratio of phosphorous to CHs in the reaction chamber. As such the work

function is very sensitive to the amount of dopant used in the reaction.



2.0 Experimental

2.1 Aim and Overview
The aim of this thesis is to investigate the possible viable materials that could be used as a collector in

a thermionic energy converter, and to investigate the effect that different surface terminations can
have on the amount of emission received based on the phenomenon of space charge addition.
Specifically, using poly-crystalline diamond films to investigate this effect of space charge. The
purpose of this aim is to update the current understanding of TEC construction with a view of moving
towards a viable device in the future. The project had 5 major milestones that needed to be met:
1. The acquisition and growth of the base samples for testing and in the case of grown samples
the determination of the best seeding technique to use on a molybdenum substrate.
2. The characterisation of the samples to be used in testing via Raman spectroscopy and SEM to
determine quality of diamond grown and orientation of the surface.
3. The termination of the samples to be used as collector materials in the thermionic testing as
well as the fabrication of a sample loader and the preparation of the emitter sample.
4. The calibration of the sample loader system to ensure the contribution of the current from the
loader itself could be subtracted from the overall measured current when testing samples.
5. The full testing of the collector samples in the thermionic system at different voltages to

identify the effects of space charge and surface termination.

The materials used in this project are NDD and PDD films with differing surface terminations and are

outlined in table 2.
Table 2: A table outlining the samples used for testing.
Collector Samples
Termination NDD PDD
Hydrogen 1 1
Oxygen 1 |
Tin Monoxide 1 N/A

2.2 Seeding

The initial problem of the project involved finding a suitable seeding technique to ensure that the
growth of the diamond films was of good quality on a 10x10mm molybdenum substrate. This element
of the research was required due to the large difference in thermal expansion coefficient of
molybdenum (4.8 x 10 K™' [64]) compared to that of diamond, meaning the likelihood of
delamination during the growth process was a significant problem to account for. In total, three
seeding methods were used to determine the correct method overall to ensure nucleation of the
sample, they are: manual abrasion, dip seeding and electrospray. Manual abrasion was performed

initially by cleaning the surface of the substrates with methanol and allowing them to dry then using



diamond powder of a size of 2 £ 1um to produce scratches on the surface of the substrate for
nucleation and following this clean once more with methanol to ensure no microdiamond powder
remained on the surface. The benchmarked dip seeding method involved cleaning the surface of the
substrates with isopropanol and then placing them in a beaker of isopropanol in a sonicator for 3
minutes to ensure maximum cleaning of the surface. Following this the substrates would be placed in
a carboxyethylsilanetriol disodium salt for two minutes and then cleaned in two separate beakers of
deionised water for 2 minutes to ensure no excess on the surface of the substrates in order to form a
monolayer. Immediately after the cleaning process the substrates were then placed in a nano diamond
solution (0.018 pum) of water and then cleaned in the same manner as with the silane solution. Finally
the substrates were then dried using an air gun to ensure no excess nanodiamond or deionised water
was on the surface, once again in an attempt to form a monolayer of nanodiamond on the surface.
This method however differed with some samples being cleaned in methanol instead, others being air
dried or blow dried and some samples not being cleaned in deionised water after being dipped in the
silane solution in order to see if the quality of growth changed. It was observed overall that there were
2 successful growths for the dip seeding technique: one involving the benchmarked technique and
another involving a blow dried methanol cleaned technique. Additionally, a further 2 samples showed
partial growth on the substrate with the benchmarked technique. The different forms of growth may
be seen in figure 14. Finally for the electrospray technique initially substrates were cleaned in
isopropanol and then loaded to the spinning stage of the University of Bristol diamond lab
electrospray kit and a syringe opposite to the sample was loaded with ten drops of methanol diamond
solution (3.3 &+ 0.6 um), a voltage of 37.5 kV was applied to the syringe to vaporise the solution and
arc the microdiamond across onto the spinning stage. Overall 14 samples were prepared the success of

which may be seen in table 3.

Full Coverage Partial Coverage Delamination

Figure 14: An image showing the difference between full, partial and delaminated deposition.



Table 3: A table outlining seeding techniques and their success.

Seeding Techniques
Seeding Abrasion Dip Coating Electrospray
Number of samples||3 9 2
Number of suc-|3 2 0
cessful growths
Number of partial |0 2 0
growth

2.3 Growth and Acquisition
The two types of diamond film used in the project, namely, NDD grown on a molybdenum substrate

and PDD grown on a <111> n-type silicon substrate were grown using the MPECVD method. Despite
the difference in element both substrates are still useful for growth due to their ability to form
carbides and withstand high temperatures. The difference in substrate is due to the availability of
PDD, ideally it would have been grown on a molybdenum substrate to improve its conduction during
the thermionic testing. The PDD was not prepared in the University of Bristol diamond lab but instead
grown and acquired from Hasselt University. The films were grown using a plasma of PHs, CH4 and
H, with a 500sccm flow rate of a 10,000ppm PH3/CHj ratio with the PH3 diluted in 200ppm of H, The
microwave source used was a 2.45GHz ASTeX PDS17 magnetron and the microwave power set was
2500W with a pressure of 70 Torr and an overall growth time of 3 hours to ensure polycrystalline
growth due to the mismatch in size between carbon and phosphorous. Multiple growths were
performed with a different percentage of CHs used in the gas environment varying from 0.50 - 1.50%

thus changing the graphitic content of the material.

The NDD was prepared in the water cooled MPECVD reactor in the University of Bristol diamond
lab. The films were deposited at temperatures between 900°C-1100°C and microwave power of
approximately 1300W (using an ASTeX 1.5KW magnetron) for a growth time of 1 hour ensure a
polycrystalline diamond film growth. The pressure during growth was kept at approximately 130 Torr
with a gas mixture of 0.300 SLM of Hydrogen, 12.5 SCCM of CH4 and 0.30 SCCM of No.
Additionally, a Raytek Thermalert SX optical pyrometer was used to measure the temperature during
growth with an emissivity of 0.17 used. The plasma in the reactor in each case was struck at around
15 Torr using 45 percent microwave power in a solely hydrogen environment then the pressure was
set to the desired previously stated value, at around 45 Torr the other gases were fed into the reaction
chamber. At the end of the growth cycle the lowering of the temperature of the reactor was performed

slowly to ensure the diamond films did not delaminate from the surface of the substrate and the



microwave source was tuned to insure a minimum amount of reflected power so as to not damage the

power source.

Of the overall prepared samples 4 were selected for thermionic testing: a 0.75 percent methane growth
PDD and 3 abrasion seeded NDD with 1 of the abrasion seeded NDDs to be used as the test emitter

and the remaining samples used as sample collectors in the thermionic energy converter.

2.4 Characterisation

2.4.1 Raman Spectroscopy
Raman Spectra were taken using a Renishaw 1000 Raman spectrometer utilising a laser of

wavelength 515nm. In each case the measurements were taken centred on the 1332cm™ peak in order
to verify the presence of the diamond sp® structure in the samples and also determine the quality based

on the associated graphite sp? peak next to it.

2.4.2 SEM
The surface morphology of the samples were characterised using scanning electron microscopy in the

University of Bristol school of chemical imaging facility. Images of the samples were obtained at a
top down angle at magnifications of :x20,000, x10,000, x5000, x2000, x1000 and x200. Additionally,
images were taken at a 70 degree angle relative to the surface of the sample at magnifications of
x5000, x2000, x500. In each case an accelerating voltage of 15kV was used and a working distance of
9mm used for the top down images as well as a working distance of 8.9mm used for the canted

images.

2.5 Grating

Due to the refractory nature of molybdenum the material is poor at accepting radiative heat therefore
the emitter sample was given a 10.5 um grating on the back surface to produce a more efficient
surface for laser heating via the production of a surface plasmon resonance effect, improving the
absorption of the surface infrared photons. This grating was produced using an Oxford Lasers

ALPHA 532 system laser cutter and an image of this grating may be seen in figure 15.
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Figure 15: A microscope image taken in the Renishaw 1000 Raman spectrometer of the 10.5 um

grating on the molybdenum backside of the NDD emitter sample.

2.6 Surface Termination

2.6.1 Hydrogen
Hydrogen termination of the samples was performed in order to imbue a negative electron affinity

surface to the PDD and the NDD films. This was achieved in the same MPECVD reactor as used for
growth utilising a 0.300SLM gas environment solely of hydrogen. The conditions for the hydrogen
termination can be seen in table 4.

Table 4: A table outlining the average conditions for hydrogen termination.

Hydrogen Termination Conditions
Run type Pressure(Torr) Power(W) Temperature(°C) | Time(s)
Heating 90-100 1000W 850-900 2
Termination 45-50 500-560 500 2
Cooling 30 0 N/A 2

For each new thermionic test of a collector sample performed the NDD emitter sample was hydrogen
terminated using these conditions. From table 4, the initial heating step is performed in order to clean
the surface of the material of any contaminants such as hydroxyl surface terminations, physical
contaminants or even hydrocarbon contaminants from the air. The termination step occurs at a lower
temperature where the hydrogen in the gas environment is activated forming radicals, allowing for
quick surface termination. Finally the cooling step is used to ensure the sample does not delaminate
and that any left over vacant sites can be hydrogen terminated. A view of the MPECVD reactor

during a hydrogen termination run may be seen in figure 16.



Figure 16: An image showing the interior of the MPECVD reactor during a hydrogen termination
cycle of NDD on a molybdenum substrate.

2.6.2 Oxygen
Oxygen termination of the NDD and PDD samples was performed in two steps, firstly by initially

hydrogen terminating the sample using the conditions in table 4 in order to clean the surface and
prepare it for oxygen termination. Following these steps the samples are then quickly transferred to
the UV Ozone cracker in the University of Bristol soft matter at interfaces laboratory. The samples
would then be subject to an oxygen environment which is a product of a photolytic reaction with

ozone for 30 minutes in the ozone cracker. The UV ozone cracker device may be seen in figure 17.

Figure 17: An image showing the UV ozone cracker used to perform oxygen termination.



2.6.3 Tin Monoxide
The tin monoxide terminated NDD sample was prepared similarly to the oxygen terminated step

whereby a hydrogen termination step was performed followed by an exposure to an oxygen
environment in the UV Ozone cracker. Upon oxygen termination the material was then transferred to
the University of Bristol NanoESCA facility where it underwent E-Beam deposition for 26 seconds at
a rate of 7.5 A/min at 30W, 0.8ML of Sn was used, depositing a 3.2A layer. Following this the
material was annealed at 500°C for 1 hour to improve the surface concentration of the tin monoxide.

Following this the quality of the deposition was determined using XPS.

2.7 XPS
X-ray photoelectron spectroscopy (XPS) is a technique used widely in the field of surface and

material science as it allows for the identification of a material’s elemental and molecular make up.
This analytic technique operates principally via the photoexcitation of electrons from a surface of a
material using X-ray photons as the excitation source. The emitted photoelectrons then travel and are
accelerated by a hemispherical analyser, which is capable of selecting electrons of a particular kinetic
energy and then colliding them with a detector which measures the kinetic energy of these

photoelectrons.

XPS was performed in the University of Bristol NanoESCA facility on the tin monoxide deposited
surface after annealing to analyse the quality and nature of the deposition at an approximate pressure
of 10® Torr. The source was excited using an Al Ko monochromatic excitation source with an energy
of 1486.7eV with a dwell time of 0.25s and 2 total sweeps with a scan of kinetic energies between
286.7-1487.7¢V with an energy step of 0.5¢V. This sweep initially was to determine the location of
the peaks relating to carbon, tin and oxygen. Following the general scan individual scans were taken
at smaller intervals to investigate the peaks more closely. The intervals are as follows: 1188-1208eV,
971-1011eV and 942-962¢V. The initial scan performed in the interval 1188-1208eV is to identify the
carbon 1s peak which is used to calibrate the system after the sweeping scan. The binding energies of

the peaks are then obtained from the following equation:

Egg = Epg — Exg — ¢ (7)

where Egg is the binding energy, Epg is the photoexcitation energy , Exe is the electron kinetic energy

recorded at the analyser and ¢ is the work function.

2.8 Ultraviolet Photoelectron Spectroscopy (UPS)
UPS analysis was performed in the University of Bristol NanoESCA facility in order to investigate

the work function of the surfaces used in this project. Two UV photoelectron excitation sources were



used, namely, a 5.2eV mercury lamp which produces photons of many different wavelengths and a
21.2eV monochromatic helium lamp was used. The two different lamps were used as the helium lamp
gives the best results for samples that show insignificant charging whereas the mercury lamp has the
opposite function of producing somewhat less accurate results for the work function map of a surface.
Additionally, the pressure was kept at approximately 107 Torr during measurements. The range of
energies that were tested were between 1 eV and 5 eV for the work function. 0.75 and 1.25 % PDD
samples were initially tested to determine the efficacy of this method as a whole and it was
determined that too significant charging effects were observed so the method was not used further in

the project instead a work function comparison through thermionic profiles was used.

2.9 Thermionic Testing

2.9.1 Thermionic Test Rig
All thermionic testing was performed on the University of Bristol diamond lab thermionic test rig a

schematic of which may be seen in figure 18. The system operates principally by heating a sample
using a Synrad firestar 40W IR CO; laser which produces a beam of wavelength 10.6 um and utilises
an ametek-land spot r160 optical pyrometer set to the second monochromatic channel with the
emissivity set to 0.125 for molybdenum. The uncertainty of the optical pyrometer is + 0.25% K[41].
Additionally, the system is evacuated using a rotary pump initially to allow for the activation of a
turbomolecular pump to achieve vacuum of approximately 107 mbar for testing. Moreover, the
distance between the emitter and collector was set at 200 um when loading the samples onto the
sample stage, this was performed outside of the reactor as initial testing showed that movement of the
collector motor was prone to accidental shorting of the collector wires on either the emitter
connections or on the reactor wall itself. Additionally, bias's of 25V and 5V were applied across the
emitter and collector in order to investigate the effects of back emission on the space charge region in

the system.
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Figure 18: A schematic detailing the elements of the thermionic test rig used to perform thermionic

emission, taken from [33].

2.9.2 Sample Loading and Calibration
In order to test the collector materials a sample loader was fabricated in the University of Bristol

School of Physics mechanical workshop. Additionally, the collector samples were cut into Smm
diameter discs in order to fit into the sample loader. The sample loader was fabricated from stainless
steel and consisted of two moving parts, namely, a 10mm diameter stem which connected to the
thermionic test rig containing a 7mm diameter circular recess of approximately 0.5mm to allow the
samples to sit as flush as possible with the edge of the stem. The other half of the sample loader
consisted of a threaded cap which screws onto the stem which had a 6.5mm inner diameter to allow
the samples to be held in place when layed upside-down in the sample loader. These components may
be seen in figure 19. Due to the nature of this sample loader it is likely an element of the overall
current collected will contain a contribution from the rim of this cap. Therefore in order to account for
this contribution initial calibration with the sample loader was performed to determine the overall
current without any experimental collector materials. The testing was performed using the NDD
hydrogen terminated sample emitter, measuring the overall current across the circuit using just the
stem of the collector loader and then using both the stem and the cap components together. The
former was then subtracted from the latter allowing for a percentage contribution from the cap to be
determined which could then be subtracted from future measurements. This calibration may be seen

in figure 20.



Figure 19: A set of images of the stainless steel collector sample loader where (A) is the combined

unit of stem and cap and (B) is a top down view of the cap alone, illustrating the inner diameter.
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Figure 20: A graph showing the relationship between current and time for the calibration of the

stainless steel sample loader.

2.9.3 Thermionic Runs

The thermionic runs to test the output current of the different materials were performed in
standardised thermal ramping profiles using a proportional integral derivative controller to adjust the
laser power accordingly using a feedback loop to ensure the temperature ramping performed had little
uncertainty and was uniform. The standard temperature ramp used in the thermionic tests involved an

incremental increase of 1°C/s from a temperature of 400°C-700°C and then back again with the



temperature being held at 700°C for 50 seconds to investigate any surface desorption effects. An
average temperature ramping profile may be seen in figure 21. For each sample tested the temperature
profile was run six times in total, 3 at a bias voltage of 25V and 3 at a voltage of 5V. The runs would
be performed successively starting with a bias of 25V and ending with a bias of 5V. The re-
termination of the emitter surface with hydrogen was performed as despite the instability of the
surface, the operating temperatures of the runs ensure that the surface termination would not desorb or

contaminate significantly between profiles.
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Figure 21: A graph showing the temperature profile used for all thermionic runs.

3.0 Results

3.1 Growth
The growths performed in the MPECVD reactor in total produced 10 successful diamond films with 5

being NDD grown on molybdenum and 5 PDD grown on <111> silicon. Of the growths performed in
the University of Bristol diamond lab there were a variety of alterations made to the method of dip
seeding to attempt to perform successful nucleation and growth on molybdenum. The initial method
tested was abrasion which seeded two successful growths with full surface coverage. Despite this it
was clear the growth was not uniform due to one sample exhibiting a darker centre on the surface with
lighter edges and the other sample exhibiting the opposite. This may be due to the random nature of
the scratches formed on the surface during the seeding technique itself causing some areas to exhibit

stronger or deeper nucleation than others or due to the shape of the plasma itself. For the dip seeded



samples there were many samples that were tested with different methods to try and achieve
successful nucleation they are as follows:

1. 4 samples were seeded with the bench marked method, previously mentioned, however
with 2 of the samples being dried with the air gun at a reduced pressure in order to reduce
the possibility of manually removing the seed monolayer. The 2 growths performed with
the bench marked seeding produced growth on the surface however with only partial
coverage. The growth with a reduced air gun pressure produced one delaminated sample
and one successful growth. The delamination could be due to the formation of a
multilayered seed meaning the diamond formed on the surface could be forming on top of a
seed layer of nanodiamond.

2. 4 samples were seeded without the use of the air gun to dry the substrates, being left
instead to air dry. The first sample with this technique was not cleaned in deionised water
and resulted in delamination which could similarly be ascribed to the formation of a multi-
layered seed. The second and third samples were given the full benchmarked technique
without the use of the air gun and equally exhibited considerable delamination, which may
in part be due to higher growth conditions used (135 Torr and 1350W) due to a low
temperature being recorded in the reactor. The fourth sample was cleaned in methanol and
then allowed to air dry and also exhibited delamination which may be in part due to the
volatile nature of methanol liberating too much of the seeding nanodiamond such that a
monolayer does not form.

3. The final technique attempted for successful dip seeding utilised a methanol cleaning step
at the end of the process and blow drying with an air gun which yielded successful growth.

The samples prepared by electrospray exhibited considerable delamination with portions of the
substrate showing no growth whatsoever. Alongside the attempts to achieve successful nucleation
through the different seeding techniques used, different temperature ramping times were used to
investigate the effect of delamination, however they proved inconclusive with both fast and slow
cooling times showing some delamination and some successful nucleation. Overall it was observed
that the abrasion seeding technique exhibited the best growth on molybdenum substrates which could
be due to the mechanical nature of the seeding technique itself meaning that the diamond that does
deposit on the surface is better attached to the substrate itself and forms a stronger carbide than those

formed solely on a monolayer of a diamond seeding material.

3.2SEM
There is a clear difference between the NDD and PDD samples, as seen in figures 22, 23 and 24,

owing to the substrate used for growth. The phosphorous doped samples exhibit a <111> morphology
of “spikey” peaks whereas the nitrogen doped samples show flat plateaus of a <100> nature. This

difference is due to the substrate used and the greater microwave power. Despite this generalisation



there are distinct differences in all of the samples. For the NDD tin monoxide terminated sample
(figure 25) there is clear <100> type growth at the top of the peaks but the peaks themselves exhibit a
form of <111> type morphology in the way that they are more jagged. In comparison the hydrogen
terminated NDD sample shows more classically <100> morphology and this can be seen in the top
down view images of the samples. Which suggests the tin monoxide samples should show a higher
current due to a greater surface area overall and greater number of grain boundaries which should
exhibit the sp? hybridised graphite form of carbon and therefore be more capable of accepting
electrons. Additionally, it is clear to see small clusters attached to the sides of some of the “peaks” in
the tin monoxide sample which may be tin or tin oxide nanoclusters. These can be seen further in the
bright spots as seen in the top down view from the backscattered SEM image of the surface at low

magnification (figure 26).
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Figure 22: An SEM image taken canted at 70 degrees exhibiting the difference between a NDD

surface grown on molybdenum.
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Figure 23: An SEM image taken canted at 70 degrees exhibiting the difference between a PDD

surface grown on grown on silicon.
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Figure 24: An SEM image taken top down of a NDD surface grown on molybdenum.
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Figure 25: An SEM image taken top down of a tin monoxide terminated NDD surface grown on

molybdenum.
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Figure 26: A back scattered SEM image taken top down of a tin oxide terminated NDD surface grown

on molybdenum.



3.3 Raman

Raman analysis of NDD and PDD samples was performed in order to determine the difference in
growth between the two types of sample by identifying the shift of the sp* and sp* peaks for carbon
respectively(figures 27 and 28). The shift in these peaks is also in part due to the doping itself
affecting the bond length in the material. Additionally, the effects of noise in the samples due to their
different substrates is investigated with this technique. In the case of the NDD sample the
characteristic sp® was shifted upwards to a value of 1336cm™ as opposed to the literature value of
1332 cm' this is most likely due to a bond length shortening caused by the doping in the material[39].
The sp” carbon peak was found at a raman shift of 1564 cm™ which differs from the literature value of
1560 cm™ for the same reason as the sp® peak[40]. Overall the quality of the diamond film is clear in
the spectra with a large relative intensity and there is very little noise in the measurements this can be
seen in figure 27. In comparison the PDD sample also exhibited a shift in the sp® diamond peak to a
value of 1334 cm™ which is also due to the change in bond length of the material. Additionally, a
noisy peak was observed between 1478-1540 cm™ corresponding to the sp” peak which differs greatly
from the literature value and may be in part due to the <111> morphology of the material and also due
to the change in bonding of the material, whereby some elements of PDD exhibit bond shortening and
others bond lengthening[34]. Moreover, a shallow peak can be seen at 951 cm™ which is due to
second-order scattering by the silicon substrate itself[35]. Additionally, the quality of the PDD growth
is brought in to question with the far lower intensity for the observed peaks overall in comparison to
that of the NDD sample with the PDD spectrum showing intensities one order of magnitude lower
than that of the NDD samples suggesting the quality of the diamond growth was lower than that of the
NDD diamond film. This, however, we know cannot be true from the SEM images of the diamond
samples, it is clear to see that both samples show good quality diamond growth. Equally it is clear that
the measurements obtained for the PDD sample exhibit considerable noise which is likely due to the
lower overall intensity. Finally measurements of the full width half maximum for the NDD and PDD
sp® peaks obtained were 10.9 = 0.4 cm™ and 14.1 £ 0.3 cm™ respectively, suggesting the better

quality of the NDD sample.
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Figure 27: A Raman spectrum taken an NDD sample grown on molybdenum.
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Figure 28: A Raman spectrum taken an PDD sample grown on silicon.

3.4 UPS

The UPS analysis of PDD samples produced surface maps of the work function of the materials.

Initially the 1.25% methane growth was tested with both the mercury and helium photon sources and



a work function ranging from 2-2.5¢V was observed on the surface. This value is unlikely for the
surface of the PDD, therefore it is likely that considerable charging effects led to this low value of
work function. The work function map of the surface may be seen in figure 29. This charging may be
in part due to a lower purity of the diamond due to the greater quantity of CHs4 used in the growth
process leading to a higher proportion of sp* graphitic carbon in the material. For the case of the 0.75
percent methane growth sample the initial measurements with the helium lamp yielded very unlikely
results for the work function of the surface ranging from 1-2.2eV, suggesting significant charging in
the sample. As such the mercury lamp was used instead as a lower excitation energy ensures less
charging of the surface in this way a more realistic work function surface was obtained with values
ranging from 4-4.4eV across the surface(figure 30). However due to the poor conductivity of the
silicon substrate this is believed not to be accurate. As such the method was not used further in the

experimentation in order for precise comparison.
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Figure 29: A heat map of the work function of a surface of PDD grown in a gas environment

containing 1.25 percent CHa.
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Figure 30: A heat map of the work function of a surface of PDD grown in a gas environment

containing 0.75 percent CHa.

3.5 XPS

The obtained XPS data for the whole scan showed 4 major peaks corresponding to the main elements
in the SnO terminated diamond film the data corresponding to this may be seen in table 5 and figure
31. The initial carbon 1s peak used to calibrate the sample appeared at 280.5 eV which is lower than
the literature expected 284.8 eV peak[36]. This difference in value will correspond to different
expected values overall for the peaks but does not fully explain the difference. The two peaks for the
SnO coating obtained were lower from their literature values of 485 eV and 486.5 eV respectively
which suggests the formation of nanoclusters of SnO and Sn respectively[37]. Equally, it is possible
that the formation of SnO clusters also occurred in the deposition process due to the literature value
of the SnO» peak of 486.7 eV[37].The difference in obtained to expected value for the peaks is also
indicative of the partial oxidation of the tin on the surface or the formation of a sub monolayer of SnO
on the surface[12]. It is possible that the formation of nanoclusters is the most likely outcome from
the deposition process given this information and the elements that can be seen on the "spikes" in
figure 25 and in the charged elements in figure 26 in comparison to the lack of these features in the
non terminated NDD film SEM image as seen in figure 22. Additionally, this possibility becomes
more apparent with the peak area for the oxygen ketone and ether peak which is also shifted lower

than the literature range for these peaks of 531.5-532¢V and 533eV[38]. In particular the overall peak



area for this value is far larger than that of the tin oxide peak area suggesting that the full coverage of
the surface i.e. the formation of a monolayer is not present, meaning the partial oxidation of tin on the

surface or the formation of a sub monolayer or indeed even nanoclusters is feasible.
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Figure 31: A graph showing the X-ray Photoelectron spectra of an NDD film terminated with tin

monoxide after annealing.

Table 5: A table outlining the binding energies and area alongside the associated error of the peaks

corresponding to different species present in a sample of tin monoxide terminated nitrogen doped

diamond.

XPS Data
Peak Binding Energy/eV|Peak Area Area Error FWHM FWHM Error
Carbon 1s 280.5 35000 200 240 0.01
Oxygen(Ketone, ||527.5 115000 900 0.992 0.009
Ether)
Tin 3d3 479.5 53000 2000 1.62 0.07
Tin oxide 3d3 488 36000 1000 1.58 0.06

3.6 Thermionic Profiles

Thermionic profiles were obtained for the PDD oxygen and hydrogen terminated collectors alongside

the NDD oxygen, hydrogen and tin monoxide terminated collectors. The thermionic profiles exhibit a



hysteretic shape due to the nature of the temperature profile meaning that in the process of cooling
from 700°C the system will be more uniformly heated meaning that the emission and collection will

be greater upon cooling due a greater overall temperature on the extremities of the samples.

3.6.1 NDD Profiles
Initially thermionic testing was performed on the NDD samples at a 25 V bias voltage (figure 32) to

investigate the effect of space charge mitigation on the collectors tested. It was observed overall that
the H-terminated collector exhibited the greatest overall current with a maximum current of 0.286
mA. The second greatest current achieved at this voltage was obtained with the O-terminated surface
which is unexpected given its PEA, theoretically the SnO-terminated surface having a NEA should be
capable of collecting electrons from the emitter far better than the O-terminated surface. The
maximum current obtained for the O-terminated collector measurements was 0.239 mA. Additionally,
the initial run for the O-terminated sample showed significant fluctuation in current which may due to
random fluctuations in the optical pyrometer causing fluctuations in the PID controller function.
Moreover, it is possible that the fluctuations in this measurement may be in part due fluctuations in
the voltage across the emitter and collector. Finally the SnO-terminated collector showed the lowest
overall emission at this voltage for NDD samples with a maximum current of 0.144 mA which is an
unexpected result as previously mentioned. This result may be due to the misalignment of the emitter
sample meaning that an inefficient heating occurred allowing for an inefficient thermionic emission
from the surface. Additionally, it may be possible that the surface did not have full coverage as
suspected given the analysis of the surface using XPS techniques and may in fact have been
contaminated with hydroxyl, oxygen or hydrocarbon termination, leading to overall lower collection
from the surface. Moreover, it is possible that the formation of solely tin terminated surfaces may
have led to the lowering of the overall current as though being more electropositive than carbon and
therefore providing a NEA surface the NEA will not be as great as that of a tin monoxide surface.
Furthermore the formation of tin clusters over the surface would also lower the overall collection
from a surface given the barrier of the work function of 4.5 eV. Additionally, it is clear to see in all
three of the profiles that the final run in each case shows the highest overall current which is
correspondent with the overall temperature of the system being at its greatest on the third run since
the runs are performed successively. This is also a feasible result theoretically as the large bias
voltage ensures that the back emitted electrons from the collector materials are mitigated and fall back

towards the collector not obfuscating the path of incoming electrons from the emitter.
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Figure 32: A set of thermionic profiles illustrating the difference in current output between hydrogen,

oxygen and tin monoxide terminated NDD with a bias voltage of 25 V.

Following these tests, results were obtained at 5 V bias voltage (figure 33) in order to investigate the
effects of space charge and in particular back emission from collector materials. It was observed
overall that the O-terminated sample produced the greatest current with a maximum value of 0.00271
mA. This result is expected and feasible theoretically given the low overall bias voltage despite the
PEA meaning the overall energy cost of an electron's path from emitter to collector is larger, there is a
significant reduction in back emission due to this PEA. This reduction in back emission allows for
more electrons overall to cross the distance between the emitter and collector as less electrons are in
the space charge region to obfuscate and slow down the path of the incoming electrons. The second
highest emission measured, as expected theoretically, was from the SnO terminated sample which
having a NEA lower than that of hydrogen should lie in between oxygen and hydrogen termination in
terms of overall current. The maximum current measured for this sample was 0.00211 mA. Equally it
is clear with this profile that there is some back emission however due to the relatively low NEA it is
not substantial. Finally the H-terminated sample exhibited the lowest overall measured current as

expected due to its relatively high NEA, meaning a considerable amount of back emission occurs as

700



the collector sample heats up radiatively from the emitter. The maximum measured current for this

sample was 0.00139 mA. Additionally, in each case it is clear to see the difference of the 5 V bias

voltage to that of the 25 V bias voltage in that the measured current is far more erratic or noisy as the

thickness of the hysteresis curve at each temperature is considerably greater under the 5 V bias. This

fluctuation of measured current suggests there are considerable effects from space charge causing the

current to change erratically at a given temperature. This was also observed when the material was

kept at a steady temperature of 400°C. Moreover, the effects of space charge can be seen in all three

profiles in the way that the third and as previously discussed hottest run the lowest current overall is

observed, this means that since the third run is the hottest the collectors will be producing back

emitted electrons the most, thus populating the space charge region more therefore lowering the

overall current.
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Figure 33: A set of thermionic profiles illustrating the difference in current output between hydrogen,

oxygen and tin monoxide terminated NDD with a bias voltage of 5 V.

3.6.2 PDD Profiles
Similarly measurements were initially taken at 25 V for the PDD collector samples (figure 34) and the

highest overall current was recorded with the H-terminated sample. This sample also produced the

highest overall current out of all the samples tested at 25 V with a maximum recorded current of

700



0.408 mA. This result agrees with the theory as PDD has a much smaller gap between the donor level
and the conduction band than that of NDD as such the energy cost for electrons to move from the
emitter to the collector is overall smaller and therefore the amount of electrons that can be accepted
overall is larger. On the other hand the O-terminated PDD showed the lowest overall current for all
samples tested at 25 V with a maximum current of 0.104 mA which does not agree with the theory.
This could be in part due to the alignment of the emitter causing a lower overall heating efficiency.
Equally this difference in expected to obtained value could be due to a non uniform oxygen
termination of the surface meaning some elements of the surface could be terminated with
hydrocarbons which would lower the overall obtained current. Furthermore it is possible that the
distance between the emitter and collector could not have been accurate, causing the overall current to
be lower than expected. The same trend can be observed as with then NDD samples of the final run

exhibiting the greatest current overall.
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Figure 34: A set of thermionic profiles illustrating the difference in current output between hydrogen
and oxygen terminated PDD with a bias voltage of 25 V.
Following the measurements at 25 V measurements were taken at 5 V (figure 35) similarly to
investigate the effects of space charge on the overall current produced by the system. It was observed
that the H-terminated PDD exhibited the greatest overall current of all the 5 V samples. The measured
maximum current for the H-terminated sample was 0.00553 mA. On the other hand the O-terminated

sample exhibited the second highest current of all samples with a maximum current of 0.00354 mA



However this value does not correlate with the theory that lower space charge effects would lead to an

overall greater current for the system.
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Figure 35: A set of thermionic profiles illustrating the difference in current output between hydrogen

and O-terminated PDD with a bias voltage of 5 V.

3.6.3 Effective Work Function comparison
The effective work function of the NDD H-terminated emitter was measured for each different

collector tested to investigate the effects of the different materials on the overall current of the system.
The values of the effective work function were obtained using the Richardson equation as seen
previously with the ideal Richardson constant (1.23 x 10° Am2K?) used in each case. The effective
work function can be seen in table 6 and 7 the error on the work function is obtained by propagating
the error on temperature and current via the use of partial derivatives. From table 5 it is clear to see
that the lowest overall effective work function under space charge mitigation was exhibited by the
PDD H-terminated collector as expected from the temperature profiles. Equally as expected from the
thermionic profiles the PDD O-terminated collector exhibited the highest effective work function.
Similarly the results for the system with space charge effects shows the PDD H-terminated sample
showing the highest effective work function, however the lowest overall work function at 5 V applied

bias was the NDD H-terminated sample.



Table 6: A table outlining the effective work function of the NDD H-terminated emitter at a bias
voltage of 25 V.

Effective work function of emitter 25V
Collector sample | Work function/eV |Error/eV
NDD H-Term 2.267 0.002
NDD O-Term 2.283 0.002
NDD SnO-Term |2.329 0.002
PDD H-Term 2.251 0.002
PDD O-Term 2.350 0.002

Table 7: A table outlining the effective work function of the NDD H-terminated emitter at a bias

voltage of 5 V.
Work function of emitter 5V
Collector sample | Work function/eV |Error/eV
NDD H-Term 2.697 0.002
NDD O-Term 2.640 0.002
NDD SnO-Term ||2.674 0.002
PDD H-Term 2.575 0.002
PDD O-Term 2.617 0.002

4.0 Conclusion
5 samples of polycrystalline CVD diamond films (3 nitrogen doped and 2 phosphorous doped) were

given different surface functionalisations to investigate the effect that electron affinity can have on the
overall accepted current in a collector in a thermionic energy converter. Specifically investigating the
effects of electron affinity on the emission at low and high applied bias in effect investigating the

thermionic emission with and without space charge effects.

For the case without space charge effects it was observed that the H- terminated PDD film grown on
silicon exhibited the highest current as a collector. This is theoretically feasible given the overall
lower work function that PDD will exhibit over its nitrogen doped counter part due to its smaller
donor level to conduction band distance of 0.37 eV. Additionally, this result is feasible to predict
given the NEA of hydrogen termination, meaning that the overall cost for an electron to be emitted
and cross the distance between the emitter and collector and then overcome the energy barrier to enter

the surface is lower. It was observed, however, that the O-terminated PDD exhibited the lowest



overall current out of all the samples at this voltage. This however is an unexpected result as despite
the O-termination producing a PEA surface thus increasing the overall cost for electrons to travel
from emitter to collector it still has a lower work function than that of the NDD samples. The NDD
samples showed the H-terminated surface exhibiting the greatest current followed by the oxygen
terminated surface and then the tin monoxide surface. The position of the H-terminated sample at the
highest current was theoretically expected however the position of the other two terminations was
unexpected as theoretically the oxygen terminated sample, having a PEA should show the lowest

current when space charge is mitigated.

For the case with space charge effects it was observed that the material which exhibited the highest
overall current was the H-terminated PDD which was not theoretically expected given the high
amount of back emission that would be expected from this sample given its large NEA. In theory the
highest emission should have been recorded from the O-terminated PDD sample however this was
recorded as the second highest emission at this low bias voltage. This difference may be due to
problems with the experimental method as the nitrogen doped counterparts showed the theoretically
expected results with the O-terminated case showing the greatest current followed by the SnO-
terminated sample and then the H-terminated sample showing the lowest overall current as expected

given the NEA it exhibits.

5.0 Future Work

Initially work could be performed to confirm the emission of O-terminated PDD in order to verify the
above data does not agree with the theoretical expectation of a PEA surface at low bias voltage.
Additionally, further testing with lower work function surfaces such as lanthanum hexaboride could
be performed to move towards a viable thermionic energy converter device. Additionally, further
surface terminations could be investigated in particular high temperature, high chemical resistance
and NEA surface terminations which are capable of withstanding repeated thermal cycling. Moreover,
current research is being performed at the University of Bristol to move towards a viable thermionic
energy converter which utilises visible light as the heat source. In effect this system would operate by
patterning the back of a thermionic emitter with a series of horizontal and vertical lines with a 10.6
um distance between them. This patterning would effect an absorbance of around 90% meaning that a
surface could theoretically be heated up to 600°C and thus be well within the threshold for thermionic
emission. The results for initial testing of this surface may be seen in figure 36. Furthermore,
investigations into the cooling of the collector surface in a thermionic emitter could be performed in
order to optimise the efficiency of thermionic energy converters and thus increase the overall current
output of these systems. Finally further work could be performed to investigate the process of forming

a SnO-terminated surface, in particular to form a true monolayer in order to investigate the effect that



a fully terminated surface has on the electron affinity of the material as a whole. This work would be
useful in order to produce a method capable of achieving monolayer metal oxide coverings for future

tests with other metals of strong electropositivity.

for 10mm x 10mm Molybdenum samples

100
Flat Mo Sample
New Grated Mo Sample
90 - Previous Mo Sample 1
Previous Mo Sample 2
80 - ———— Previous Mo Sample 3

70

60 |-

SOMMMMM

40 |-

Reflectance (%)

A
30

20+ e

0 ;
500 550 600 650 700 750 800 850 900
Wavelength (nm)

M Crvan,S.Li, S.Wills, E. Smith University of Bristol (2021)

Figure 36: A graph outlining the reflectance measurements for various patterns with the red line
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image on the right.
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7.0 Appendix
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Figure 37: An XPS spectrum showing the two peaks corresponding to tin and tin oxide in a tin

terminated NDD sample.
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Figure 38: An XPS spectrum showing the peak for the ketone and ether configurations in an SnO

terminated NDD sample.
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Figure 39: An XPS spectrum showing the peak for C 1s in an SnO terminated NDD sample.
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Figure 40: A heat map of the work function of a surface of Phosphorous doped diamond grown in a
gas environment containing 0.75 percent CHy4 analysed using a Helium lamp as the photoexcitation

source.
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Figure 41: A graph showing the agreement with Richmond behaviour for thermionic emission from

an NDD surface.
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Figure 42: A top down SEM image of the NDD emitter sample at x20,000 magnification.
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Figure 43: A top down SEM image of the NDD emitter sample at x5000 magnification.
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Figure 44: A top down SEM image of the NDD emitter sample at x2000 magnification.
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Figure 45: A top down SEM image of the NDD emitter sample at x200 magnification.
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Figure 46: A 70 degree canted SEM image of the NDD emitter sample at x2000 magnification.
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Figure 47: A 70 degree canted SEM image of the NDD emitter sample at x500 magnification.
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Figure 48: A top down SEM image of the tin monoxide terminated NDD sample at x20,000

magnification.
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Figure 49: A top down SEM image of the tin monoxide terminated NDD sample at x5000

magnification.
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Figure 50: A top down SEM image of the tin monoxide terminated NDD sample at x1000

magnification.
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Figure 51: A top down SEM image of the tin monoxide terminated NDD sample at x200

magnification.
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Figure 52: A 70 degree canted SEM image of the tin monoxide terminated NDD sample at x5000

magnification.
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Figure 53: A 70 degree canted SEM image of the tin monoxide terminated NDD sample at x2000

magnification.
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Figure 54: A 70 degree canted SEM image of the tin monoxide terminated NDD sample at x500

magnification.
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Figure 55: A top down SEM image of the 0.75% CH4 PDD emitter sample at x20,000 magnification.
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Figure 56: A top down SEM image of the 0.75% CHs PDD emitter sample at x10,000 magnification.
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Figure 57: A top down SEM image of the 0.75% CH4 PDD emitter sample at x5000 magnification.
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Figure 58: A top down SEM image of the 0.75% CH4 PDD emitter sample at x1000 magnification.
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Figure 59: A 70 degree canted SEM image of the 0.75% CH4 PDD sample at x2000 magnification.
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Figure 60: A 70 degree canted SEM image of the 0.75% CH4 PDD sample at x500 magnification.
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Figure 61: A top down SEM image of the 1.25% CH4 PDD emitter sample at x20,000 magnification.
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Figure 62: A top down SEM image of the 1.25% CH4 PDD emitter sample at x10,000 magnification.
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Figure 63: A top down SEM image of the 1.25% CH4 PDD emitter sample at x5000 magnification.
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Figure 64: A top down SEM image of the 1.25% CH4 PDD emitter sample at x2000 magnification.
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Figure 65: A top down SEM image of the 1.25% CH4 PDD emitter sample at x1000 magnification.
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Figure 66: A top down SEM image of the 1.25% CH4 PDD emitter sample at x200 magnification.
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Figure 67: A 70 degree canted SEM image of the 1.25% CH4 PDD sample at x5000 magnification.
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Figure 68: A 70 degree canted SEM image of the 1.25% CH4 PDD sample at x2000 magnification.



