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Abstract

Diamond as a material has proven itself in modern science to be a resource of vast usefulness,
especially within the electronics industry. One such use is the transmission dynode, which
aims to extend the operational lifetime of the photocathode component within microchannel
plate photomultiplier tubes, whilst also utilising the secondary electron emission
characteristics of diamond during electron transmission to amplify the gain of electrons
arriving at the microchannel plate, improving device performance and sensitivity. T'wo
transmission dynodes were fabricated, beginning with 3.3 mm x 3.3 mm polycrystalline
diamond substrates, from which thin central membranes were formed. Subsequent low
concentration, boron-doped MWCVD growths on the two samples, followed by additional
high concentration, boron-doped HFCVD growths formed conductive layers on the
substrate, with final membrane thicknesses of 66 pm (Sample 2) and 60 pm (Sample 4)
outlining the success of laser etching to form thin films. SEM analysis determined the crystal
quality of the initial growth, followed by Raman spectroscopy identifying key peaks at 1332
cm! for the polycrystalline substrate, broadened boron-doped diamond peaks at ~480 cm'!
and ~1218 cm'!, and a Fano zone-centred phonon peak before 1332 cm! characteristic of
high boron concentration growths. These results indicated the crystal quality was high whilst
also maintaining a high conductivity which was required for initial electron transmission

through the dynode.

Functionalisation of the thin membrane was carried out using oxygen and scandium on
Sample 4, leaving Sample 2 as H-terminated. Subsequent XPS analysis looked to examine
the effects of applying a negative and positive electron affinity surface on the binding energies
of the Cls core electrons of carbon, following literature which describes a negative electron
affinity as crucial for secondary electron emission applications. A Kimble Physics flood gun
was employed to simulate a photocathode electron source and used to irradiate an ScO-
terminated sample. Whilst this test did indicate secondary electron transmission through the
dynode, there was no observable electron multiplication (3 = 0.7) as hoped. Because of this,
the device would achieve its goals of acting as a protective layer for microchannel plate
photomultiplier tube photocathodes, whilst also marginally improving on current protective
layer electron collection efficiency. However, further work 1s required to confirm transmission
results observed experimentally. This will involve developing an improved process to form

thinner dynode membrane electrodes which can amplify electrons under bias more efficiently.
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1.0 — Introduction

1.1 — Diamonds

1.1.1 — History

Historically a material symbolic of wealth and status, fuelling decades of war and violence
within nations of central and west Africa, the public perception of diamond is often its
glittering appearance and extensive use in the jewellery industry. The natural formation of
diamond occurs in the Earth’s mantle under extreme, high pressure, high temperature
conditions, with the average growth time of natural diamonds being ~1 billion years,[!l and it
1s the past inability to recreate these conditions gave diamonds their value through their
rarity. However, 20t-century advancements in laboratory equipment have now allowed the
growth of synthetic diamond films to be a viable and cost-effective way of utilising diamonds
without the mechanical strains and ethical concerns of traditional diamond mining. Because
of this, the unique chemical and physical properties of diamond can be readily utilised and
researched. One of the most widely known applications of synthetic diamond is in cutting
tools, where deposits of diamond on the surface of tools improves the lifetime when cutting
and milling non-ferrous materials, including alloys and ceramics,[?! but its applications cover a
wider range of applications including the electronics industry and within particle physics,

outlining the clear need for further research into this special material.

1.1.2 - Physical and Chemical Properties

Diamond is an allotrope of carbon which can be described as ‘metastable’ at atmospheric
pressure.3! Thermodynamically at 1 atm and room temperature, the sp? carbon form of
graphite is more stable however kinetically, the energy barrier of transformation from
diamond to graphite is very high, meaning the transition is extremely slow and negligible at
standard conditions. The unique properties of diamond are not limited to just its extreme
strength. The high thermal conductivity of single crystal diamond (24-25 W cm! K-!) has
applications in thermal management within high-power electronic devices.!*] The chemical
inertness of diamond also benefits its wear-resistant nature, which is specifically useful in high
radiation environments, or when exposing diamond thin films to fast-moving ionised gas. !
The resilience to ionising radiation is attributable to its large band gap (Egap = 5.47 €V),[4
which further contributes to diamonds wider variety of key properties which can be found in

Table 1.1. Coupled with the strong covalent bonds within diamond, the carbon lattice will



remain stable against ionising radiation and heavy ion bombardment for long periods of time.
This gives diamond a wide range of potential applications as a protective membrane within
radiation detectors and particle accelerators.!’]

Table 1.1 — Comprehensive summary of the physical and electronic properties of diamond.
Property values taken from reference [4], [6].

Property Value Application

Density /g cm™ 3.52 Cutting tools

Bulk Modulus /N m3 1.2 x 1012 Cutting tools
Electrical Resistivity / Q 1013 Electronics

Thermal Conductivity /(W
24—-25 Heat sinks
cm ! K1)
Band Gap / eV 5.47 Electronics
Transparent from deep UV '
Optical Optical windows

to far IR

High resistance to chemical and physical corrosion is crucial when managing the longevity of
devices and sensors. Although the initial use of diamond within electronic devices may prove
more costly, long-term labour and cost considerations associated with replacing sensors
damaged by ion bombardment or radiation will outweigh the price of short-term expenses.
Considering further the geometry of diamond, William Henry Bragg and William Lawrence
Bragg were the first to analyse the crystal structure of diamond, describing the structure as
having a ‘face-centred cubical’ crystal structure, with a lattice constant, o = 3.567 A.[81 [9]
Within this crystal lattice, atoms of carbon bond through one 2s and three 2p orbitals on each
carbon atom, giving rise to the sp® hybridised carbon.[!%] Each carbon is covalently bonded to
four adjacent carbon atoms in a tetrahedral arrangement, which is repeated throughout the
lattice. The strength and regularity of this covalent lattice is responsible for the extreme
strength observed. In comparison, carbon in the sp? graphite form, is arranged into two-
dimensional planes which are held together by weak van der Waals forces arising from dipole
forces originating from the motion of electrons between adjacent planar sheets.[!!] This

‘diamond-cubic’ three-dimensional covalent structure, can be seen in Figure 1.1.11%]
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Figure 1.1 — Face centred cubic 3D structure common between diamond and silicon.
Showing an axis representation and a top view highlighting the FCC nature of the
covalent diamond lattice. Dark blue carbon atoms are positioned at the edges of the unit
cell, whereas cyan atoms are positioned centrally in the outer faces of the cell. Red carbon
atoms complete the diamond lattice, giving each atom tetrahedral coordination. This
diagram was created with reference to [12].
To create membranes of around 50 — 100 pm required in transmission diamond dynode
devices or within quantum computing,!!3! laser cutting is often required to etch predesigned
shapes down to the desired thickness for optimal performance within devices. It is the
extremely strong three-dimensional structure possessed by both diamond and silicon that
allows for these thin film membranes to remain physically stable down to tens of microns. In

transmission dynode applications, thinner dynodes are required to maintain a high

transmissive secondary electron yield (TSEY).[14]

1.1.3 - High Temperature High Pressure Formation

1951 saw the formation of the high pressure diamond group at General Electric (GE), with
the aim to solve the problems associated with previous attempts of growing diamond, and in
1955 GE successtully grew the first lab grown diamond.!!3] The GE approach to growth
involved the conversion of graphite to diamond under high pressure and high temperature
(HTHP) conditions. The conversion of graphite to diamond is a notoriously slow process,
hence catalytic metals including iron, nickel and copper were used.['%] Conditions used by the
GE group to convert graphite to diamond involved heating to around 1870 K, whilst

maintaining a pressure of 7 GPa. The goal of maintaining these HPH'T conditions was to



shift thermodynamic stability to favour the formation of diamond with the aid of a metallic
flux to lower the temperature required for conversion.!!”I Although this technique led the way
for diamond growth at the time, the process was expensive to run and maintain and was time-
consuming. This resulted in the development of a more optimal method of diamond growth,
chemical vapour deposition, which quickly proved to be a more efficient and cost effective

method to grow single crystal and polycrystalline diamond.

1.2 - Chemical Vapour Deposition

1.2.1 - Chemical Process

It wasn’t until 1962 when the first literature discussing low-pressure diamond growth was
published, in the form of a Patent submitted by William G. Eversole, growing diamonds on a
seed crystal under metastable conditions.['®! However, reports of low pressure growth were
often met with an aura of scepticism as it was assumed growth rates were too slow to be a
viable replacement for HPHT growth.[!?] Improvements in synthetic diamond growth
techniques in 1968 saw growth rates of 250 um hr! achieved by Deryagin ez al. °°) However,
follow up work by Deryagin also demonstrated how diamond could be grown from seeding
techniques on non-diamond substrates such as silicon and metals.[?!] This advancement by
Deryagin was particularly important to the future of diamond growth, solving the issue of
expenses associated with early homoepitaxial growth on single crystal substrates. This growth
technique, which was attainable through chemical vapour deposition (CVD), allowed for far
more cost effective synthetic growth of diamond both for further research into applications

and also for industrial uses.[22

CVD is commonly performed through two techniques, hot filament (HF) and microwave
plasma (MW) CVD. Within both reactor types, the presence of an abundance of hydrogen
gas within the reaction chamber is essential for successful growth. In both cases, the hot
filament and microwave plasma aim to dissociate hydrogen molecules into hydrogen radicals.
When using a single crystal diamond substrate the surface is naturally terminated with
hydrogen. Following the reaction scheme in Figure 1.2, the process proceeds through the
reaction of a hydrogen radical with a surface atom of hydrogen on the diamond substrate,
leaving a carbon surface radical. Methane (CH4) 1s also added to the gas stream as a source of

carbon the reaction between H and CH4 forms active CHj3 radicals which upon contact with



the vacant surface radical, adding to the diamond lattice. This process is repeated on adjacent
surface sites followed by additional H abstraction from the terminal CH3 group, leaving
radical CHby groups on the surface. Finally, this radical group can react with neighbouring
carbon atoms forming linkages, eventually adding a new layer of diamond to the covalent
lattice.[23] This process however will likely not proceed in such a step-wise manner as
expressed in Figure 1.2. Any non-diamond sp? carbon which remains on the surface unreacted

will be quickly etched back into the reaction ‘soup of gases’ by H atoms frequently striking the

surface.[24]
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Figure 1.2 — A reaction diagram showing the stepwise formation of diamond using
chemical vapour deposition processes. Diagram was rearranged from reference [23].

1.2.2 - Microwave Plasma and Hot Filament CVD

Although the general operation of MWCVD reactors is typically more expensive, it is often
regarded as a better method of chemical vapour deposition than HF, producing higher
quality crystals coupled with greater growth rates due to the enhanced stability over longer
periods of time.[?>l HFCVD has drawbacks such as the need to replace the filament which is

typically made from tungsten or tantalum. During the degradation of the filament, metal



particles can enter the gas stream and contaminate the diamond growth. In environments
such as undergraduate labs, where HFCVD is used for student growth, slight contamination
may not be as great of an issue, however, the risk of contamination would not be acceptable
in industries which require consistent high purity growths such as electronics and sensor
applications. This does not mean the use of HFCVD is limited, with its main benefit, being
the low operating cost, making it useful for research and early stage development of

devices.[26]

Microwave plasma CVD is the main choice for industrial production of diamond films,
primarily due to achieving a consistently higher purity and quality of diamond than hot
filament deposition. Also, as the plasma acts as the heat source there is less regular
maintenance required on the reactor to replace components. Operational times for diamond
growth are also typically shorter. MWCVD reactors typically require 5-6 kW power supplies
in lab, however, in commercial growth where high area and fast growth is desired, power
supplies up to 100 kW are used.l?’”l Once the hydrogen plasma is ignited, the plasma is
focussed as a spherical shape above the molybdenum sample plate. Both homoepitaxial and
heteroepitaxial growth can be achieved through MWCVD, however for heteroepitaxial
growth (for example polycrystalline diamond on silicon), nucleation pre-treatment of the
silicon substrate is required.[?’I 28] Common pre-treatment techniques include seeding and
mechanical abrasion, in which diamond dust is manually seeded onto the i-silicon substrate.
This technique 1s often faster than electrospray methods, however, mechanical abrasion
typically provides a less even surface coverage. Furthermore, lattice mismatches when using
substrates such as silicon can result in defects and weakening of the growth due to increased
stress. Promising solutions to this include the use of iridium substrates for single crystal
diamond growth, exhibiting closely matched atom spacing and reduced lattice mismatch.[??]
In general, for homoepitaxial growth onto single crystal diamond, only acid pretreatment is

required to clean the substrate to remove any residue that may remain from suppliers.

1.2.3 - Doping

Doping is a widely used technique in chemistry to alter the electrical properties of a material
through the introduction of carefully selected impurities to the reaction mixture during the
growth of a substrate. Doping is used extensively in the semiconductor industry, in particular,
doping of single crystal silicon and crystalline gallium arsenide due to their good room

temperature stability.[3%] Some common applications of semiconductor materials include solar



cells, transistors and light-emitting diodes (LEDs), all of which commonly operate at room
temperature and pressure and require conductivity.l3!l The idea of semiconducting materials
1s to have a conductivity between that of an insulator and a metal, which relies on the transfer
of electrons and holes throughout the bulk. Dopants can be classified as n-type or p-type
dopants. As depicted in Figure 1.3, in n-type doping, a molecule with a greater number of
valence electrons than the bulk material, such as nitrogen or phosphorus sits below the
conduction band donating electrons up into the conduction band. In p-type doping, a
molecule with fewer valence electrons, sits above the valence band and receives electrons
from the valence band, generating holes.[3?! In relation to boron-doped diamond, boron with

5 valence electrons sits about the valence band of carbon (6 valence electrons), acting as a p-

type dopant.

Conduction Band Conduction Band

I N
lll@ll@l@ll@ll@l@l@l@l@l@ll

I [
Valence Band Valence Band
N-Type P-Type

Figure 1.3 — Diagram depicting the position of dopant levels in n-type and p-type doping,
with valence electrons (-), sat below the conduction band and holes (+), sitting above the
valence band.

The addition of boron to diamond will have minimal effect on the crystal lattice of diamond
at low concentrations maintaining its strength and uniform structure. However, as the boron
doping concentration is increased the mechanical properties of diamond including hardness
and elastic modulus are affected especially at high concentrations.!33! Furthermore, the
density of defects will also increase inducing strain on the crystal lattice or resulting in
dislocations.[®¥] In thin film applications, this would not be desirable and would negatively
impact the stability of the diamond films at low thickness, resulting in mechanical failure of

the substrate during the etching process.



1.2.4 — Morphology of Diamond

CVD diamond surfaces can have a wide range of surface morphologies. The exact surface
structures typically originate from the choice of substrate or choice of nucleation technique.
For example, the use of manual abrasion with diamond powder can be used to increase
nucleation density and therefore increase the grain boundary concentration, however, this
technique can damage the substrate, giving poor control of the surface structure.[3% In
applications where reactivity, conductivity or etch rate needs to be closely controlled, the
choice of, and subsequent control of specific surface orientations of diamond is crucial.[36]: [37]
Such specific diamond crystal orientations can be typically categorised as <100>, <110> and

<111>,37] with a diagrammatic representation of each orientation shown in Figure 1.4.

<110> <100> <ll1>

Figure 1.4 — Diagram depicting the three common crystal orientations present on the
diamond surface, <110>, <100> and <111>, with the individual facets shown in the
shaded area, adapted from reference [38].

For secondary electron emission applications, crystal orientations should be considered, in
particular when using single crystal diamond. Whilst this is still somewhat applicable to
polycrystalline diamond, PCD surface crystal orientations are often disordered and non-
consistent. However, regarding optimised transmission dynodes which utilise single crystal
substrates, clean, H-terminated, single crystal diamond surfaces exhibit maximum secondary
electron yield with <I111> oriented surfaces. This is as opposed to <100> surfaces, which are
reported to exhibit slightly lower SEY.139] However, this changes when alternative
functionalisation of the surface is considered. In a study by J. E. Yater ¢t al., in which caesium
was used, <100> surfaces exceeded the yield of secondary electrons in comparison to

<111>.1391 <100> surfaces have been found to have the greatest density of dangling bonds of



the three mentioned orientations, and upon addition of oxygen or in this case caesium to the
surface, the C-C dimer bonds on the hydrogenated <100> surface breaks and binds more
readily to the functionalising atom of choice. The presence of such C-C dimer bonds in a
hydrogenated <100> surface also likely accounts for incomplete hydrogenation of the clean
surface, partially raising the electron affinity of the <100> surface in comparison to <I11>,
meaning SEY yields would be lower for a H-terminated <100> surface as observed.3% For
this reason, when using single crystal diamond, especially for clean hydrogenated surfaces,
<111> surfaces should be prioritised for maximum SEY, however for functionalised surfaces,

<100> diamond surfaces should be prioritised.

1.3 - Surface Termination

1.3.1 — Negative Electron Affinity

When working with CVD diamond, the term electron affinity, ¥, is used to describe the
relationship between the conduction band minimum and the vacuum level, Vyac.[*"] To
achieve a negative electron affinity is to have the conduction band minimum positioned
below the vacuum level, which, as a result, means no additional energy input is required to
allow electrons to escape to vacuum, assuming such electrons already possess the band gap
energy required to be promoted from the valence band to the conduction band. A visual
representation of the band diagrams can be seen in Figure 1.5 with a comparison showing how
the vacuum level 1s positioned within a material possessing a positive and negative electron

affinity.

Conduction Band Conduction Band
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Figure 1.5 — Band diagrams showing (a), a true positive electron affinity and (b) a true
negative electron affinity as would be expected from H-terminated diamond surface. In
the diagram the term (¢) represents the work function. The vacuum level (Vyac) is also
positioned lower, below the red conduction band when a NEA is present at the surface.
This diagram was adapted from reference [41].



The work function of a material is commonly denoted by ¢ and can be defined as the
minimum energy required for an electron to be removed from the fermi level to the vacuum
level at 0 K.[*2] A further benefit of CVD techniques for the growth of diamond is the
resulting H-terminated surface, which is achieved through further exposure of the surface to
Hy gas at high temperatures in the reactor chamber. As the growth process is stopped, the
hydrogen gas reacts with and terminates the dangling carbon bonds on the surface.[*3] H-
terminated (100) diamond surfaces have been extensively studied in the literature, with a work
function of 4.9 eV and negative electron affinity (NEA) of -1.3 ¢V commonly reported.[*4 [4]
Within photomultiplier applications, such as within vacuum photodetectors,[*! dynode
membranes must have high secondary electron yield (SEY) which is obtainable with a NEA

surface and low work function within diamond membranes.

1.3.2 - Secondary Electron Emission

The emission of electrons from the surface of a material as a result of charged primary
particles impacting and penetrating the bulk of the material is referred to as secondary
electron emission (SEE). When high energy incident electrons penetrate the material as
represented in Figure 1.6, the kinetic energy from the incident particles are transferred to
electrons in the bulk. For a secondary electron to escape the surface to vacuum it must receive
sufficient energy greater than the work function of the material to escape the surface to
vacuum.!*’IVarious energy loss mechanisms can impact the resultant energy and the
secondary electron yield, differing between metals and insulating materials. In metals,
secondary electrons generated in the bulk lose energy through interactions with conduction
electrons, lattice vibrations and defects. On the other hand in insulators, secondary electrons
lose energy through the excitation of valence electrons to the conduction band. In wide band
gap materials such as diamond, secondary electrons with insufficient kinetic energy cannot
partake in electron-electron collisions in which secondary electron energy is lost. Furthermore
an absence of electron scattering results in a far smaller amount of energy lost as secondary
electrons travel through the material. This gives rise to large escape depths and gives
insulating materials a greater SEY.[*8] This makes diamond an excellent choice for devices

which utilise secondary electron emission.
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Figure 1.6 — A simplified diagram representing the process of secondary electron emission from
a diamond membrane. Incoming primary electrons in this case are fired from an electron
beam. The diagram is adapted from reference [49].

Consequently, the SEY (3) of a material describes the ratio between the total number of
emitted secondary electrons referred to as the secondary electron current, /;, and the number

of incident electrons referred to as the primary electron current, /, and can be found in

Equation 1.150]

5= (1)

[
IP

For electron multiplier applications, a 6 > 1 is required, meaning for every 1 primary electron
that impacts the membrane, some integer value greater than 1 of secondary electrons must
exit the material. Regarding H-terminated boron-doped diamond, maximum 0 values of 45
at incident electron energy 2.4 keV have been reported.5!l For dynode applications, high
SEY values are crucial for electron amplification. To achieve this, thickness, dopant
concentration and surface characteristics should be optimised, alongside potential variation of

surface termination with oxygen and metals.

1.3.3 — Hydrogen Termination

Hydrogen termination of GVD diamond surfaces is amongst the most reported diamond
surface termination in the literature. A commonly used method to prepare H-terminated
surfaces when using MWCVD is to re-expose the substrate surface to plasma under a
hydrogen gas atmosphere for a short period of time.[5?] The primary function of H-

termination in relation to dynode devices is to achieve an NEA surface, enhancing electron
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emission. Hydrogen achieves an NEA surface due to the formation of positive C-H surface
dipoles as shown in Figure 1.7. This dipole layer will shift the potential of diamond with
respect to vacuum.[*9] H-termination also benefits the diamond surface physically through
stabilisation of the surface. This leads to an overall stabilisation of the bulk, preventing phase

transformation to graphite when exposed to reactive conditions or high temperatures.[!
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Figure 1.7 — A diagram taken from M. C. James et al., [54] showing the functionalised
diamond surface. The terminating hydrogen atoms are represented in green, with electron
emission represented through the red electrons leaving the surface.

1.3.4 — Metal Oxide Terminations

Metal-oxygen terminations of the diamond surface, for example, lithium termination of
diamond surfaces have been studied and reported in the literature as an alternative to
hydrogen when forming an NEA surface. Focusing initially on lithium, it is the lightest of the
alkali metals and can be considered as more appropriate than the heavier alkali metals for
reduction of the work function in the context of the smaller elements of carbon, hydrogen and
oxygen typically associated with the diamond surface. The deposition of lithium on both a
clean diamond surface and an oxygenated diamond surface are viable options for reducing
the work function, however, lithium deposition on an oxygenated surface has been shown to
exhibit both a large adsorption energy and a true NEA.[5% The oxygenation of the surface
alone also has an impact on the work function but alternatively results in the formation of a
positive electron affinity (PEA) requiring energy input for electrons to move to the vacuum
level, whilst also eliminating surface conductivity, undesirable properties for electron emission
applications.l’% Alternatively, the formation of a monolayer of Li adsorbed onto a fully
oxygenated surface through physical vapour deposition, forms a stable Cg-O-Li surface dipole

which maintains the NEA of diamond at 800°C. A promising alternative to H-termination,
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benefitting the longevity of electron emission devices under extreme conditions. 8] Li-
termination 1s most commonly achieved through annealing of the diamond surface. S. Ullah
et al., describes a technique which uses a LisN solution as a source of lithium, followed by
drop casting onto the clean, O-terminated diamond surface. The NanoESCA facility
available at the University of Bristol is then used to anneal the surface under temperatures

ranging from 500 to 850 °C under ultra-high vacuum (UHV) conditions.[®]

Scandium
O O3 Os* O3
Oxygen —, OS_ 06' O 5 O 5-

o* o* o*

8+

N\ -/ /

Boron Doped Diamond

Figure 1.8 - A diagram adapted from reference [57] showing a simple surface arrangement
of scandium deposited on an oxygenated surface. In relation to previous discussions,
scandium can be interchanged with lithium, however this should be done with respect to
differing effects interchanging such metals may have on the electronic properties of the
surface.
Alternatively, a ScO-terminated surface as shown in Figure 1.8, can also provide a greatly
enhanced NEA surface. One benefit of pursuing a ScO-terminated surface 1s its enhanced
stability at higher temperatures. Although heavier group 1 elements, have been found to
induce lower work function values (¢ = 1.5 eV),158 weak adsorption results in a lack of overall
stability when any form of heat is applied. As a result the caesium monolayer will desorb
entirely around 500 °C.15% However, when examining the thermal properties of a Sc-
terminated oxygenated surface, a far higher thermal stability is observed (> 1200 °C), which
will remain stable, maintaining a high electron emission yield at temperatures around 500
°C.1611 This makes Sc-termination of an oxygenated surface a far more practical option for
dynode applications with a focus on operational lifetime, especially when the substrate is
being bombarded with high energy electrons over extended periods of time. Considering the

deposition of scandium to a diamond surface, deposition uses electron-beam evaporation of
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pure scandium rods, a simpler deposition process than lithium, giving higher control of
coverage.[°ll To compare the NEA surface values obtained across the three proposed surface
termination approaches (hydrogen, Li-O, Sc-O), refer to Table 1.2 below comparing the NEA

values and adsorption energy of each termination.

Table 1.2 — Table comparing NEA and thermal stability (temperature at which
functionalised surface atoms begin to desorb) for each of the selected terminations. Values
stated in the table are taken from literature reports however can vary based on the
literature source.

Termination NEA/ eV Thermal Stability References
Hydrogen -1.1 400 °C J- M. A Beattie ¢t al.[6?]
63
Lithium (Oxygenated) 9.1 800 °C S. Ullah et al. %, T L.
Martin[30]
Scandium
-3.7 1200 °C R. Zulkharnay et al.[51]
(Oxygenated)

Comparing values in the table it is clear that far better performance would be expected from
a ScO-terminated surface in comparison to hydrogen and lithium. Whilst H-termination is
far more efficient to apply than metal oxide termination, the low thermal stability is
problematic and limits the implementation to low temperature applications to reduce
hydrogen desorption. Alternatively, scandium, when tested through a range of annealing
temperatures up to 900 °C, exhibited a very slight reduction of 0.6% in surface coverage,
implying the bonding to oxygen is very strong,[%* and therefore a more sensible choice for

termination of diamond structures operating in high energy environments.

1.4 — General Applications of Transmission Diamond Dynodes

The influence behind the development and testing of functionalised transmission diamond
dynodes 1s for wider use within vacuum photodetectors, electron counting and radiation
detection devices, typically found in association with linear accelerators in particle physics
experiments. Current devices within this industry exhibit the need for improvement in both

lifetime and higher count rate capabilities.
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1.4.1 — An Introduction to Dynodes

Dynodes are thin electrode membranes that serve the purpose of electron multiplication,
typically through a photomultiplier tube (PMT). Dynode devices rely on the secondary
electron emission properties of materials as discussed earlier, to amplify charge through a
PMT. Dynodes have two common operating modes, reflection and transmission as expressed
in Figure 1.9. In reflection applications successive dynodes within a tube are supplied with a
higher positive potential, resulting in electron acceleration and high multiplication of the
initial electron count. This wave of secondary electrons is collected as a current pulse and is
screened for pulse height analysis.[95] In transmission photomultiplier applications, much
thinner diamond films are required, as the secondary electron pulse must travel through
multiple films maintaining sufficient energy to reach the detector for pulse height analysis. In
reflection applications, transmission dynodes also rely on the application of a positive bias,
which increases at each dynode to accelerate electrons, to compensate for energy loss during

the generation of secondary electrons.!!4: [65]
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Figure 1.9 — A diagram representing the different electron multiplication mechanisms in (a)
reflective, and (b) transmissive dynode membranes, with the blue thin film representing
diamond. The diagram used was created with reference to [14].

A comparison between transmission dynodes and reflection dynodes by S. X. Tao et al.,
identified several advantages to using transmission dynodes. These included (I) an
improvement in quantum detection efficiency and pulse amplitude fluctuations relating to its
effectiveness in use as a photodetector. (II) A reduction in transit-time fluctuations; (III)

uniform response over a large area, eliminating transit-time differences from different parts of
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the photocathode (PC); (IV) the ability to operate in the presence of intense magnetic fields
when originated along the axis of the tube (low magnetic field sensitivity); and (V) short total
transit-time and dead-time.['*] Beyond lifetime extension and performance benefits of
photomultiplier tubes it is clear utilising dynodes in transmission mode possesses superior

properties compared to reflection.

1.4.2 - Microchannel Plate Photomultiplier Tubes

Microchannel plate-photomultiplier tubes (MCP-PMTs) are used within particle acceleration
experiments, high precision photon counting, low energy light detection and radiation
detection.!66]: 671 The structure of a MCP-PMT is made up of a photocathode, where
incoming light is converted into an electron of a specific energy, and a microchannel plate,
which consists of a glass, circular array of tubes, each typically ranging from 5 — 20 pm in

diameter,[%®] as expressed in Figure 1.10.
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Figure 1.10 — A diagram showing the microchannel plate component of an MCP-PMT,
taken from reference [69].

The conversion of incident photons to an electric current at the photocathode occurs due to
the photoelectric effect, in which photons above a threshold frequency liberate electrons from
the photocathode.l’%! Electrons emitted from the photocathode enter traverse the vacuum
tube and are then funnelled through the large array of individual capillaries on the
microchannel plate. Each capillary acts as an electron multiplier, through the generation of

secondary electrons, allowing the individual capillaries to act as reflection dynodes generating
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high electron multiplication. Finally, a high voltage electric field is applied as shown in Figure

1.10, causing secondary electrons to drift, aiding with transit through the device.

High gain MCPs are very sensitive to low energy electrons, making them suitable for low
intensity signal detection.!’!] The development of MCP-PMTs prototypes was first reported
by V.V. Anashin ¢t al.,, in 1994, proposed for fast time-of-flight scintillation counters, with the
MCP replacing previously used fine mesh PMTs.[72l The general structure of MCP-PMT's
can be summarised in the Figure 1.11 diagram, also expressing the positioning of the dynode

in between the photocathode and the MCP.

Transmission dynode
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Figure 1.11 — A Simple diagram representing the general structure of an MCP-PMT. The
addition of a transmission dynode in between the photocathode and the microchannel
plate is in line with the aims of the project to test and develop an optimised dynode
membrane to use in MCP-PMTs. Electrons generated at the photocathode and secondary
electrons arriving at the microchannel plate are represented by red arrows.

One unique performance feature of MCP-PMTs, outside of its ability to operate in high
magnetic fields and harsh radiation environments includes high gain measurement abilities,
relating to the number of secondary electrons generated during amplification in the MCP.
The gain of an MCP-PMT is controlled via the applied voltage across the MCP and 1s
essential in ensuring efficient single photon detection.[”3] It is crucial that gain remains high, as
a reduction in the gain can increase the maximum count rate of the device leading to

saturation.l’*l MCPs operate with negative exponential pulse height distribution.[7>I This is to
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allow for accurate detection of low amplitude single photons, whilst also being able to
distinguish these photons from the background noise. It is true that reducing the gain can
allow MCP-PMTs to operate at higher count rate capabilities, whilst also increasing the
detector lifetime,’6! however, a lower gain makes it difficult to accurately detect photon

emission events and to distinguish actual detected photons from the background.

Further desirable properties include the time response of the MCP. During the development
of MCP-PMTs, it is crucial that the fast time response is maintained, as to not hinder the
performance of the device. The transit time of electrons through early MCPs 1s around 250-
800 ps, with times as short as <200 ps for single plate MCPs.[”] However recent
developments have found single photon time resolution to be as low as ~70 ps FWHM, vastly
outperforming multi-anode PMTs in testing.l”’] Although such multi-anode MCP-PMT’s
benefit from enhanced special resolution and positional sensitivity,[78] achieving a greater time
resolution for high sensitivity, detection device applications of MCP-PMTs is essential. For
example, when observing decay events lasting within the 250-800 ps range, signal sampling
would need to be carried out in time increments to allow for the decay shape to be
resolved.[”) In cases where material cost is high, or sample scarcity is a limiting factor, the
ability to carry out incremental screening on a limiting number of samples would be
important, as opposed to single screening of 10 samples at different points of a decay event,

which could be achieved using a device with the ability to detect on the <100 ps time scale.

1.4.3 — Single Photon Counting Applications

By far the most widespread application of MCP-PMTss is within high precision single photon
counting experiments where there is potential for further development aiming to optimise
performance and lifetime of MCP-PM'T devices. Photon counting experiments require the
arrival of a photon at the photodetector, which gives a signal response when the photon 1s
converted at the photocathode. Experiments testing the performance of photodetectors
require the use of electron beam devices, which will be discussed later in the project, however,
key considerations for the use of an electron beam to analyse photomultiplier tubes is the
distance of the beam source to the device, which should be kept constant to allow for accurate
determination of performance and sensitivity when operating at picosecond timing

precision. (8]
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1.4.4 — Fluorescence and Phosphorescence Experiments

High precision photon detection and counting is essential for experiments analysing the
excited state lifetime of organic molecules. When a molecule relaxes from its excited state to
its ground state, the excess energy absorbed during excitation is released through radiative
processes of fluorescence and phosphorescence as expressed in the Jablonski diagram in Figure
1.12.1811 The excited state lifetime of these molecules is often extremely short lived, on the
femtosecond or even picosecond scale, requiring the detection of radiative photons to be
almost instantaneous after irradiation of the molecule. Developments in these areas can
contribute to a wider range of applications including photovoltaics, chemical sensors, organic
light emitting diodes (OLED) and bio-screening, applications which are in continual need for

growth in areas including medical and the technology industries. 5]
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Figure 1.12 — The Jablonski diagram, representing the phosphorescence and fluorescence
decay mechanisms at which high precision photon counting devices would be used to
measure, taken from reference [83].
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1.4.5— High Energy Particle Physics and Cherenkov Radiation

Cherenkov radiation was first reported in literature by Pavel Cherenkov in 1934, in which the
luminescence of uranyl salts was induced by radium y-rays. The early experiment technique
relied on human eye detection of the light radiation, a far stretch from the current detection
equipment utilised in particle physics experiments.[#*] The emission of Cherenkov radiation as
photons of light occurs when a charged particle travels through a transparent medium at a
speed greater than the speed of light in that medium, which can be solid or liquid. Photon
emission 1s a result of localised polarisation along the path of travel of the particle, emitting
electromagnetic radiation when the polarised molecules return to their original states.!%°]
MCP-PMTs such as the example shown in Figure 1.13, are used within particles physics and
particle acceleration experiments as Cherenkov counters, aiding in the detection and
quantization of energy to determine characteristics of long-lived charged particles, primarily

their masses.[86]

Figure 1.13 — Images of a commercially available Photonis MCP-PMT, showing the front
window (left) and the back (right) and the component. This device is described as
specialising in fluorescence imaging, Cherenkov detection and high energy physics.
Images were taken from reference [87].

1.4.6 — Low Energy Imagining in Space Telescopes and Further

Application in Space Devices

An MCP-PMT-type device made up part of an addition to the Hubble Space Telescope
(HST) in 2003, further outlining the wide range of applications held by MCP-PMT's and thus
transmission dynodes. The device installed on the HST was a high throughput UV
spectrograph with a Csl photocathode.[®] A more recent 2022 review by H. Tomio et al.,
discussed developments in highly sensitive photon-counting detectors for space-borne
communication applications.[® Specific properties of interest that were mentioned as

beneficial to the device were maintaining a high quantum efficiency up to 800 nm and also its
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high radiation tolerance, allowing it to be suitable for the space environment having a long
lifetime. Degradation of quantum efficiency or photocathode performance aboard these
space-borne devices is particularly problematic when considering the cost and difficulty of
replacing the detector. This not only outlines the importance of the lifetime but indicates the
requirement for further improvement within the lifetime of these devices. Difficulty in
replacing MCP-PMT devices can lead to space devices being decommissioned, contributing
to the ever growing issue of man-made space debris polluting low Earth orbit (LEO), which

poses the threat of unplanned collision with active devices or spacecraft.[%]

1.4.7 — Transmission Dynodes for Improvement of MCP-PMT Devices

The development of transmission diamond dynodes for the improvement of MCP-PMT
devices will explore two approaches. A long-term improvement approach relating to the
lifetime of the MCP-PMT looks to solve problems relating to cost reduction and frequency of
replacement, alongside a shorter term, more direct approach focusing on the performance
relating to the secondary electron emission characteristics of the diamond film. Whilst the
theory has been largely discussed previously in the project, following sections will look to
directly cover the current problems, and the benefits and potential drawbacks associated with

implementing transmission diamond dynodes into current MCP-PMT technology.

1.4.8 — Lifetime Considerations

Until recently, the limited lifetimes of MCP-PMT's was the main drawback which prevented
more widespread and frequent use, however their extremely fast time responsive
characteristics and compact nature was highly advantageous and in demand, especially in
particle identification experiments as Cherenkov detectors. Because of this, causes of ageing
had to be identified and strategies were to be developed to tackle this issue.?!l The primary
cause of ageing and degradation of the photocathode is through MCP material, or residual
gas atoms present in the PM'T may be 1onised in the electron avalanche, and be accelerated

towards the PC.101. [92]

The electron avalanche or more formally referred to as Townsend discharge, is an ionisation
mechanism in which the electron generated at the photocathode, within an applied electric
field can collide with residual gas molecules and atoms, further liberating an electron. These
liberated electrons further ionise gas molecules, resulting in a cascade effect, visualised in

Figure 1.14, within the PMT forming more reactive gaseous 1ons, which as previously
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mentioned can be accelerated back towards the PC, resulting in gradual ionisation

damage.[93], 94

Photocathode
]

Electron l
— Initial ionisation event
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Figure 1.14 — Simplified diagram showing a Townsend discharge mechanism occurring at
the photocathode. Expressed in the diagram is a ‘chain reaction’ style of events in which
the number of 1onisation events initially increases exponentially. This diagram was
adapted from reference [95].

The effect of continuous bombardment of the PC by ionised gas particles is an overall
reduction in quantum efficiency, with quantum efficiency, n, being the measure of how well

the photocathode will convert photons into electrons described by Equation 2.1%]

Number of electrons emitted
T’ =

Number of photons injected

In 2011 the best commercially available MCP-PMT's degraded to only 50% of their original
quantum efficiency after exposure to < 200 mC/cm? charge density.l?”] However, it was
reported in 2018 that the addition of a protective, AloOs film prevented the ionised gas
particles from being back accelerated at the photocathode which significantly slowed down
the degradation of the photocathode, however, a new issue was presented in the form of a
drastically reduced collection efficiency of electrons arriving at the MCP. It was reported by
T. Jinno et al., that the addition of a metal oxide layer in between the PC and MCP leads to a
reduction in collection efficiency by ~ 60% compared to a device without a film.[®1]- 98] This

study showed that if the lifetime was to be increased then a film must be incorporated, with
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metal films still being used in industry to extend the lifetime of the devices. However, this was
at the consequence of a reduced performance. It should be noted that where metal thin films
aren’t employed, MCP-PMT lifetime can be optimised through the application of a higher
quality vacuum, aiming to prolong the introduction of residual gas particles into the system,
and heavily polished MCP surfaces achieved through electron scrubbing of the MCP.
However, whilst these methods did show an increase in lifetime in a study by A. Lehmann et

al., this improvement was not as significant as the introduction of a protective film. 21l [%9]

1.4.9 - Atomic Layer Deposition

Atomic layer deposition (ALD) is a layer growth process which succeeds in growing very thin
layers, in this case within MCPs. Whilst ALD as a process is similar to CVD, the key
difference is the sequential manner in which precursors are inserted into the reaction
chamber through pulses, as opposed to conventional CVD in which all gaseous precursors are
present in the reaction chamber during growth.!1%0. [101] ALD is another technique for lifetime
optimisation within recent literature that looks to extend the lifetime once again of the
photocathode through the deposition of a thin metal oxide film, typically aluminium oxide or
magnesium oxide onto the surface of the pores within the MCP.[192] ALD techniques operate
differently from typical thin film protective layers due to the deposition being directly on the
MCP. This aims to protect the photocathode through a focus on the surface stability of the
MCP to prevent positive ion feedback to the photocathode.l'93] However, this protection layer
would only be active against MCP-related outgassing, and would not address the issue that a
thin protective layer between the photocathode and the MCP would solve, relating to residual
gas present in the PMT. But an additional benefit that shouldn’t be ignored is the
performance benefits that are gained through the addition of an ALD layer, in relation to
high secondary electron emission achieving a high gain. The metal oxide coating within the
pores of the MCP not only effectively seals the MCP surface but also enhances SEE
properties.['9 This is an advantage over the use of a metal thin protective layer which
actively reduces collection efficiency and therefore the gain of the device. Considering the
obvious advantages and drawbacks that both ALD and a thin metal protective film present,
an optimal device shouldallow for both a high gain, giving enhanced performance to the
standard, ‘unprotected” MCP-PMT, whilst also greatly protecting the photocathode from
positive ion feedback, with the use of a tough material which will maximise the overall

lifetime of the device.

23



1.4.10 — The Diamond Transition Dynode

Tying together previous sections it is obvious there is a clear need for transmission dynode
development, harnessing the benefits of both enhanced SEE and also lifetime. The most
recent reported structure as of 2025 that follows the same protective layer structure aiming to
amplify gain and restrict ion feedback, is in the form of a stainless steel calendared woven
mesh of 30 um thickness and 50% optical transparency achieving a total gain on the level of 0
(105-106).1105] This leaves diamond as a very promising candidate to rival both performance
and lifetime extension abilities of current steel mesh protection layer. Benefitting from a
strong SEE, enhanced by improving the NEA surface through surface functionalisation,
leading to gain improvements and strong radiation hardness, protecting the often delicate
photocathode. Unlike previous ALD AlyOs layers, which require difficult ultra-thin deposition
to maintain quantum efficiency, and metal thin-films which have been found to greatly
reduce quantum efficiency, diamond transmission dynodes will aim to amplify charge
emission from the photocathode, whilst remaining less challenging to reproduce and
implement than ultra-thin layers, which are often fragile and susceptible to environmental

damage.

1.5 — General Project Aims

This project aims to fabricate a diamond transmission dynode device which will attempt to
solve the two problems currently associated with MCP-PMT-type vacuum photodetectors
such as reduced photocathode lifetimes, through the feedback of gaseous ions. This
transmission dynode will act as a protective layer preventing this backflow of ions whilst
allowing the efficient transmission of electrons so as to not compromise the electron gain of
the device. Recently adopted methods to prolong the lifetime of the photocathode involve the
use of metal or metal oxide protective layers, however, this has been found to reduce the gain
of electrons arriving at the detector significantly, impacting device vacuum photodetector
performance.l?8l The diamond transmission dynode will look to improve on current gain and
collection efficiency values, with a TESY ideally > 1, which would drastically improve device
sensitivity and performance with the benefit of lifetime improvement. Analysis into secondary
electron yield optimisation will be achieved through varying surface terminations including
standard H-termination and metal-oxygen terminations, with the goal of maximising surface

negative electron affinity.
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To fabricate such devices, thin films will be etched from commercially available substrates,
followed by electrically conductive boron-doped diamond growths, termination of the
substrate membrane surface and final electron beam testing to simulate operation within a

vacuum photodetector-type device.
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2.0 — Methods

2.1 — Dynode Design and Fabrication

The design and testing of a novel transmission dynode structure implemented a wide range of
tests and techniques to fabricate each layer and component of the device. The fabrication
process explored an alternative method of creating thin films of diamond. Typical methods to
form thin, diamond films involve a laser-etch, wet-etch process, typically using a seeded
silicon substrate, followed by growth of an intrinsic diamond layer, laser etching and a final
wet etch using KOH.[19] However previous and current work within the lab found the initial
growth of the i-diamond layer to be weak and prone to delamination and fracture of the
membrane. The laser etch approach aimed to increase the strength of the thin central
membrane at lower thicknesses by using a polycrystalline diamond (PCD) starting substrate.
Laser etching also maintains grain boundaries, which may be uneven or deformed in a
growth on a nucleated silicon substrate, contributing to increased substrate and membrane

strength.
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¢ Polycrystalline i-diamond substrate

¢ Lightly boron doped growth

*  Heavily boron doped growth

¢  TFunctionalised membrane surface

*  Graphitic ohmic channel

Figure 2.1 — Schematic representing the makeup of each layer within the transmission
dynode. (a) shows the starting substrate provided by Element Six, which was laser etched
(b), and then BDD was deposited in (c) & (d). The inner cavity surface was then
functionalised with ScO and H (e), with the ohmic channel deposited through laser etching

(0.
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As expressed in Figure 2.1, from the initial 5 starting polycrystalline diamond substrates (a),
only 3 survived laser etching without complete detachment of the central membrane, with 2
out of 3 then being taken to completion without any membrane cracking. However, the 2
completed dynodes remained structurally stable to allow for additional CVD growth,
membrane functionalisation, surface analysis and testing. This demonstrated the benefits of
using an alternative, ‘purely laser’ etching strategy however there is room for improvement

across the board with the fabrication process which will become evident within the results.

2.1.1 — Laser Micromachining of the Substrate
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Figure 2.2 — Image of the Oxford Lasers Alpha 532-XYZ-AU micromachining system used
to laser etch samples.

The starting substrates used in the fabrication of the transmission dynodes were 3.3 mm x 3.3
mm polycrystalline diamond off cuts, taken initially from a 10 mm x 10 mm, 0.3 mm thick
free-standing PCD substrate provided by Element Six. The PCD had been cut prior to
beginning the project by a previous student but acted as a good starting substrate in which
mistakes or breakages would be less costly. The laser micromachining setup was an Oxford
Lasers Alpha 532-XY”Z—~A-U micromachining system shown in Figure 2.2, and the

parameters as shown in Table 2.1, set for the laser etching runs remained constant.
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Table 2.1 — Parameters used for laser etching of the central cavity of the starting PCD
substrate. Pulse frequency, cut width and etch speed were kept constant however power

was reduced gradually as the diamond became thinner,

Power/ %o 20 —40%
Pulse Frequency/ kHz 25 kHz

Width of Cut 0.005
Etch Speed/ (mm s!) 2

The gradual reduction in laser power in line with increasing material removal was carried out
to give better control of the thickness whilst also reducing the risk of ‘blow-out’ of the central
membrane within the laser. The cavity was 2 mm x 2 mm, with the etching pattern
incorporating a cross-hatched design with liner removal in both the X and Y direction, which
was found experimentally to give a smoother finish than etching across only one 2-
dimensional axis. Etching and cutting designs used within this project were designed using
ALPHACAM computer-aided design (CAD) software which transposed designs onto Cimita
v4.3.6 laser control software, simplifying etch parameters in the X and Y axis. Rough control
of etching in the Z direction can be achieved by varying the power and etch speed of each

pass.

2.1.2 - Ohmic Channel Deposition

To attempt to provide conductivity to the outermost channel, a graphitic, ohmic channel was
deposited on the outermost face of the intrinsic polycrystalline diamond substrate. 3.57 mm?
of conductive graphitic carbon was deposited using the following laser parameters as shown in

Table 2.2.

Table 2.2 — Parameters used for laser etching of the ohmic channel of the starting PCD
substrate with no parameters varied.

Power/ % 40
Pulse Frequency/ kHz 25

Width of Cut 0.005
Etch Speed/ (mm s!) 1
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2.1.3 — Laser Cutting of Transmission Stand

To allow for testing of the transmission properties of the dynode device, a stand was designed
and cut from aluminium foil, comprising of arms to attach to bolts within the electron beam
sample plate, along with sides to support the platform above the plate at which charge from
the electron beam arrived. To allow the central functionalised membrane to be visible to the
charge collection plate, a circle (diameter = 2.6 mm) was cut out of the centre. The complete
structure had to be slightly modified to ensure no contact was made with the collector plate,
and an image of this can be found in Figure 2.3. This was once again designed using

ALPHACAM and the following parameters can be found in 7able 2.5.

Table 2.5 — Parameters used for laser cutting of the transmission stand required for
transmission testing of the dynode within the electron beam gun.

Power/ % 90
Pulse Frequency/ kHz 25
Width of Cut 0.005
Etch Speed/ (mm s!) 1

Figure 2.3 — Image of the transmission stand with the dynode mounted with silver DAG
adhesive, prior to e-beam testing.
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2.1.4 — Microwave Chemical Vapour Deposition Process

The 1nitial growth on both etched Sample 2 and 4 substrates was carried out using an
ASTeX-type MWCVD reactor, depositing undoped and boron-doped diamond on the PCD
substrate. The initial deposition was ran for 2 hours from the point at which the plasma was
struck, depositing a layer of very lightly boron-doped diamond. The growth conditions can be

found below in Table 2.4, in which growth conditions were the same for both samples.

Table 2.4 — Growth conditions used in the initial MWCVD boron-doped diamond growth
on samples 2 and 4. Growths were carried out on independently on samples therefore
temperature may vary however it is expected to see a temperature around 1000 °C for
such conditions.

Temperature/ °C 1051
Methane flow rate/ sccm 12.5
Hydrogen flow rate/ sccm 300
Diborane flow rate/ sccm Residual (0)
Power/ kW 1
Pressure/ Torr 100
Time/ h 2
Enmusswity 0.19

Testing the surface resistance of the MWCVD growths found resistances of 19 MQ (Sample
2) and 13 MQ (Sample 4), with an estimated growth thickness of around 20 pm, implying a
growth rate of 10 um h-!.

During the MWCVD process, a high power microwave generator emits microwaves, which
are channelled through the waveguide, focused through the quartz window into the vacuum
reaction chamber. Reflected power is controlled through the tuning stubs and gas flow is
controlled externally through the use of a mass flow controller (MFC). The microwave power
utilises electromagnetic radiation to form gaseous radicals within the plasma ‘ball’ which
engulfs the substrate.[197] These radicals then form bonds on the substrate surface which is
positioned on a centred molybdenum plate on the sample stand. Once growth is complete, a
vacuum valve is opened to expel the remaining gas from the reaction chamber. A full

diagram of an MWCVD reactor can be seen below in Figure 2.4.
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Figure 2.4 — Schematic of a microwave powered chemical vapour deposition reactor
created with reference to [108].

To perform hydrogen plasma treatments to remove graphitic carbon, or to hydrogen
terminate the surface, an alternative diborane-free ASTeX-type MWCVD reactor was used.
The addition of an alternate diborane free reactor is crucial to ensure there is no unwanted
cross-contamination of residual boron in i-diamond growths. Hydrogen plasma treatments to
remove graphitic carbon ran for 30 minutes, with consistent conditions including a hydrogen
flow rate of 300 sccm, a power of 1.2 kW a pressure of 110 Torr and an emissivity (EMS) of
0.15. Alternatively, hydrogen plasma treatment to hydrogen terminate samples prior to later
analysis utilised conditions which gradually reduced pressure and power as described in Table

2.5 1n 2 minute intervals.

Table 2.5 — Parameters used in the H-termination treatment of dynode Sample 2 and
Sample 4. Across all hydrogen plasma-related treatments EMS = 0.15.

Hydrogen Flow Time/ mins Pressure/ Torr Power/ kW Temperature/ °C
Rate/ sccm

300 2 140 1.4 ~900

300 2 90 1.0 ~700

300 2 30 0 ~20
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2.1.5 — Hot Filament Chemical Vapour Deposition

Due to limitations in using the MWCVD reactor as a result of work being carried out to
upgrade the system, later growths during the project had to be carried out using hot filament
chemical vapour deposition. A thin, heavily boron-doped diamond layer was deposited on
top of the original growth, with a growth rate of 1 um h-!. Surface resistance of the growth

was found to be 43 2 (Sample 2) and 35 € (Sample 4), with the following conditions as shown
in ZTable 2.6 below.
Table 2.6 — Parameters used in the HFCVD growth on samples 2 and 4. It is important to

note that diborane was introduced to the reaction chamber after 30 minutes of exposure
to only hydrogen and methane.

Pressure/ Torr 20
Current/ A 4
Hydrogen Flow Rate/ sccm 200
Methane Flow Rate/ sccm 2
Diborane Flow Rate/ sccm 0.5
Substrate Temperature/ °C 906
Filament Temperature/ °C 2000
Distance Between Filament and Substrate/ mm 3
Time/ h 2
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Figure 2.5 — Image of HFCVD deposition of heavily boron-doped diamond, in which
samples can be seen below the glowing tantalum filament.

The filament used was a freshly prepared tantalum coil which can be seen in operation in
Figure 2.5, which was heated gradually for 10 minutes prior to the addition of gas to confirm
the structural integrity of the coil. Following a 2 hour growth, 2 pm of boron-doped
polycrystalline diamond was deposited. A full schematic of the reactor used can be found in

Figure 2.6.
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Figure 2.6 — Schematic of a hot filament chemical vapour deposition reactor created with
reference to [109].
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2.1.6 — Silicon Inductively Coupled Plasma Reactive Ion Etching

Figure 2.7 — Image of the ICP RIE plate loaded with reference offcuts of silicon, surrounding
the thin film PCD diamond substrate. The central ‘unmasked’ area of the structure acted as
the thin membrane.

Whilst this etching technique was not directly used on any of the samples, this was a
technique that was used within the project to create similar thin film diamond membranes.
Using an Oxford Instruments PlasmaPro 100 ICP RIE, a pre-existing PCD diamond
membrane structure was selectively etched using oxygen gas at a flow rate of 50.0 sccm at a
forward power of 1500 W. The chemical etching process occurred through the formation of
oxygen radicals, which form volatile gases (CO and CO2)l!10]] etching diamond with excellent
control of the etch rate. The use of plasma assisted reactive ion etching (RIE) allows for
anisotropic pattern transfer alongside strong dimensional control which makes it a useful
technique for shaping hard materials such as diamond.[''!] However Inductively coupled
plasma (ICP) RIE is a high density plasma technique, meaning that at higher pressures and
higher bias power (RF power), isotropic etching can occur. Although both parameters can be
adjusted, finding the correct balance between pressure and radio frequency (RF) power can
be difficult, meaning for individual samples optimisation of conditions or the utilisation of
pre-existing conditions would be required to minimise isotropic etching effects.[!1?] The
completion of repeated etching runs achieved a thickness estimated to be around 50 pm (etch

rate = 40 nm min!), in which removal post ICP etching was determined using a Dektak

34



surface profiler. Thin offcuts of silicon were used as a reference as shown in Figure 2.7 for
thickness and comparing silicon thicknesses pre and post ICP RIE to allow for the calculation

of an accurate etch rate.

Whilst isotropic etching tendencies may cause issues in manufacturing exact structures, ICP
RIE etching benefits from both a superior selectivity when utilising the correct gas mixture,
alongside more precise control of the thickness, with a far reduced likelihood of membrane
fracture in comparison to standard laser etching. For this reason, a continuation of the project
may look to explore the use of the combination of such techniques mentioned in later stage

fabrication of thinner transmission dynodes.

2.1.7 - UV-Ozone Cracking for Oxygen Termination

Ultraviolet ozone cracking was used to terminate the diamond surface with oxygen. UV light
was emitted from a mercury lamp, generating ozone directly from the air above the cavity
surface of the dynode within a UVO-cleaner kit (Model 42, Jetlight Company Inc.).l''3] O-
termination of the diamond surface results in a raising of the work function, alongside filling
vacancies on the diamond surface and the removal of graphitic diamond. A run time of 30
minutes was set for Sample 4 to achieve a full monolayer coverage,['!3] which had been

previously H-terminated and left overnight under vacuum to maintain a clean surface

2.2 — Structural Characterisation Techniques

2.2.1 — Raman Spectroscopy

Raman spectroscopy is a very useful characterisation technique, which can be used in tandem
with chemical vapour deposition to analyse the purity of diamond growths. The spectrum
provides structural information in the form of chemical shifts, regarding primarily vibrational
and rotational energy levels of the structure, alongside other lower frequency modes.['!* The
structural fingerprint is obtained through the inelastic scattering of monochromatic light, the
source of which 1s typically a laser, operating at a wavelengths within either the visible, near-
infrared or near-ultraviolet region.!!15] The scattering of monochromatic light during the
spectroscopic analysis can be categorised into two different scattering processes. Inelastic
Raman scattering results in the gain or loss of energy from the differing vibrational energy
associated with atoms or molecules engaged in the process. As a result, the emergent light

differs in energy from the light impinging on the substrate giving the user direct structural
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information regarding the substrate. Molecular or atomic matter responsible for elastic
Rayleigh scattering, on the other hand, neither loses nor gains energy in the process, resulting
in scattered light having identical energy to that which is impinging on the sample. The
Raman process can be further split into two types, Stokes and anti-Stokes, in which the Stokes
process results in a molecular transition to a higher energy state and alternatively, the anti-

Stokes is a transition to a lower energy statel!16].

Rayleigh

filters

Figure 2.8 — Image of the Renishaw Ramascope 2000 Raman system, including labels for
the position of key components within the system.

Considering the use of Raman spectroscopy in material identification, the main benefits
associated with this technique include its non-destructive nature, fast analysis time and the
intensity of spectral features being directly proportional to the particular species
concentration, which can be useful in determining impurity or defect concentration within a
sample.[117] Key Raman shifts include a sharp peak at 1332 cm! correlating to pure diamond,
however, most diamond grown through CVD consist of diamond crystals surrounded by

graphitic grain boundaries, producing additional signals within the spectrum, with the
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amount of additional shifts ultimately correlating to overall crystal quality. Regarding
graphitic carbon, single crystal graphite produces a single peak at 1575 cm!, along with an
additional feature around 1355 cm ! in which the overall intensity of this peak increases and
decreases relative to the amount of disorganised crystalline carbon within the sample.[!18]
Raman spectroscopy was carried out using a Renishaw Ramascope System 2000 pictured in
Figure 2.8, operating at room temperature. An offcut of high purity single crystal diamond was
used prior to new acquisitions to calibrate the instrument. Acquisitions were taken with 10
accumulations, at 2.00 s exposure time or with 5 accumulations and 10.00 s exposure time for

extended range, using a green Ar™ laser, with a laser excitation wavelength of 514.

2.2.2 - Scanning Electron Microscopy
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Figure 2.9 — Simplified schematic of a scanning electron microscopy device created with
reference to [119].

Scanning electron microscopy (SEM) is a technique used to analyse the surface morphology
of a sample with extremely high resolution. During operation, a finely focused beam of
electrons is rastered across the surface of the target sample, with the chamber placed under a

high vacuum. The reflected electrons are then collected and detailed images of surface
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characteristics are revealed.[!2] All project related SEM analysis was performed using a JEOL
IT300 scanning electron microscope, of which a simplified diagram can be found in Figure
2.9, generating a beam of electrons through thermionic emission by heating a tungsten
filament. An applied voltage accelerates this primary electron beam which 1s focussed using
electromagnetic lenses onto the sample. Finally, a combination of backscattered secondary
electrons and some emitted secondary electrons are collected at a detector as a result of beam
interaction with the top few nanometres of the surface, from which backscattered and emitted
secondary electron intensity is measured and an image is formed.['?!l The intensity is related
to the surface topology of the sample, which can allow 2-dimensional images of the sample to
be formed. Images of both the BDD growth and the etched cavity were taken, with
magnifications ranging between 30x —4000x. The primary beam energy was set to 15 kV, the
working distance at 10.5 mm and the SEM was run in high vacuum mode. For non-
conductive samples or samples which are unable to be coated with a conductive coating, low
vacuum mode can be selected to reduce surface charging effects by introducing a controlled

gas environment to neutralise the charge.[12?]

2.2.3 — LEXT Laser Microscope
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Figure 2.10 — A diagram showing the operation of a confocal laser microscope with a
purple 405 nm laser (left) adapted from reference [124]. Alongside an image of the
Olympus LEXT OLS5100 used for surface analysis taken (right) taken from reference
[125].
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Throughout the project, an Olympus LEXT OLS5100 3D measuring confocal laser
microscope as shown in Figure 2. 10, was used extensively to analyse both surface features and
estimate the central membrane thickness throughout the laser etching process.[1?%l To analyse
surface features both post-growth and post-laser etching, a 405 nm laser operating as
expressed in Figure 2.10 captured images and surface features varying zoom between 10x and
100x objectives, generating 3D acquisitions of surface characteristics and 2D surface profiles.
For larger areas, stitching of multiple analysed areas allowed for more detailed analysis of the
entire sample area. By setting manual height limits more accurate estimates of the sample
height was able to be calculated from 3D acquisitions. From each 3D acquisition, a height
profile could be generated in relation to the sample stage, with the average for each area
(central membrane and outermost surface) taken and the height calculated in micrometres.
From this, estimates for the etch rate of the laser could be made, however, etch rates were
largely inconsistent. For similar projects, LEX'T 3D laser microscopes are a very useful tool
for fast and accurate analysis of both growths and structures, allowing for detailed, in-situ
generation of clear images and height profiles of transmission dynode devices and other

similar thin films.

2.2.4 - X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an analytical technique that was available to use as
part of the University of Bristol NanoESCA system as shown in Figure 2.11. XPS was used to
analyse the surface composition of the functionalised diamond transmission dynodes. Prior to
XPS analysis the H-terminated (Sample 2) and O-terminated (Sample 4) dynodes were placed
face down in 3 mm x 3 mm circular adaptor mounts, held by a slip plate and secured using a
tungsten spring. The NanoESCA chamber was then pumped down to 6.00 x 107 mbar
pressure and a subsequent 1 hour anneal at 300 °C was performed to remove any surface
adsorbates. Following the anneal, XPS analysis was performed on the H-terminated sample,
using a Scienta Omicron XPS Argus multipurpose analyser, with an Al Koo monochromatic
source (1486.7 eV) at a pass energy of 50 eV, positioned at an angle of 45° to the target
sample. To offset surface charging a charge neutraliser of 20 pA was applied for each

analytical run across both samples.
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Scandium was then deposited onto Sample 4, using a scandium rod and an electron beam
evaporator at room temperature. Deposition was ran for 30 minutes to achieve a 0.25
monolayer (ML) coverage. Following deposition, Sample 4 was annealed at 700 °C for 15
minutes, with the aid of a Ti** sublimation pump to resolve the outgassing of oxygen from the
surface, as indicated by a large pressure jump from 1 x 10 mbar to 8 x 107 mbar. Following
the successful anneal, XPS analysis was once again carried out on Sample 4, following the

exact parameters as used for the H-terminated sample.

Figure 2.11 — An image of the University of Bristol NanoESCA facility used for XPS
analysis and scandium deposition, taken from reference [126].
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2.2.5 — Electron Beam Testing
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Figure 2.12 — A diagram showing the electron gun compartment of an e-beam. It should be
noted that the whole system is closed and under vacuum. This diagram was created with
reference to [127].

The transmission secondary electron emission properties of the finalised dynode structures
were analysed under high vacuum conditions, maintaining a base pressure ~1.4 x 10-6 mbar,
with Sample 4 (ScO-termination) mounted to the pre-fabricated transmission stand
positioned above a current detector plate within a Faraday cup to minimise charge loss effects
for more accurate determination of collected charge and optimisation of electron beam
quality.[128], [129] A Kimble EGF-3104 electron gun powered by an EGPS-3104 power supply
system was used as the primary electron source, of which a simplified diagram can be found
in Figure 2.12. During operation, electrons are emitted from a tantalum cathode, with the
ability to vary the beam energy (E£o = 0-20 keV). To maintain consistency in between runs,
the positioning of the dynode with reference to the charge collection plate remained constant

(d = 3 mm) in which operation can be seen in Figure 2.15.

41



Faraday cup

0-20 keV
Electron gun

_'
Collector — |

plate

Dynode

Figure 2.13 — A schematic of the electron beam in operation to study the TSEY of a
diamond dynode, in which data is in relation to primary charge compared to charge
arriving at the collector plate. This schematic was created with reference to [129].

For TSEY testing runs, the initial run tested with the addition of the transmission dynode,
and this was followed by control testing without to calculate differences in current received.
Across both runs operation parameters remained consistent, with beam energy set as £y = 10
keV, and an emission current /o = 0.01 mA. Similar to SEM operation, electron beam
systems use electromagnetic lenses to focus the electron beam where the shape and strength of
the magnetic field can be controlled by the voltage, which was set to 300 V during operation.
The spot size at which electrons arrive at the sample 1s roughly determined and controlled by
the ratio of the focus voltage to the 1%t anode voltage, which was set to 500 V. Setting the
focus and 1% anode voltage lens configuration in this way will maintain a relatively consistent
spot size as beam energy is varied up or down.[!?”] To prevent potential cathode damage, a
beam current limit of 1.7 mA was also set during each test run. A Keithley 6517A
Electrometer/ High Resistance Meter was used in series to plot the collected current response
I, in relation to emission current /o, over an operation time of 10 minutes. From which
comparing the current responses with and without the transmission dynode would allow for
the estimation of transmission yield, and whether this indicated any charge multiplication

effects.
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3.0 — Results and Discussion

3.1 - Laser Micromachining of Thin Films

Although this aspect of the project falls neither under characterisation or performance based
analysis, developing a laser micromachining technique to consistently fabricate robust thin
films down to tens of microns thickness made up a reasonable proportion of the workload and
therefore it 1s useful to report on the findings for future development of techniques, as an
alternative viable pathway to generating potentially more robust thin films as opposed to
using wet-etching of i-diamond growths on silicon wafers. Early attempts explored running
high etch pass, low power etching in an attempt to have greater control over the film
thickness, however, this was found to be as ineffective as it was time-consuming. Alternatively
the running initial high power (~50%) runs was found to be effective in marking an initial
graphitic central region. However, on successful runs which achieved final thicknesses around
30 pm - 50 um it was determined that varying laser power between 20 — 30% achieved the
best control without compromising etch rate. Tabulating data regarding material removed
gives a clearer outline of future etching strategies that should be adopted, whilst also
highlighting points in the process in which faults were most likely to occur, which in turn

indicates the need for a reduced power during operation.
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Table 3.1 — Summary of the membrane thicknesses for each transmission dynode sample
1-5, per etch pass with points highlighted to show membrane fracture or dynode
completion.

Etch Sample 1/ Sample 2/ Sample 3/ Sample 1/ Sample 5/
Pass pm pm pm pm pm
0 300.0 300.0 300.0 300.0 300.0
1 235.0 276.5 265.9 238.5 267.0
2 200.5 243.1 231.8 176.9 224.5
3 166.0 209.7 197.6 176.9 182.0
4 134.0 163.6 163.5 176.9 171.5
5 102.0 117.4 129.4 147.5 161.0
6 60.0 88.2 115.5 118.1 142.0
7 Fracture 58.9 101.7 90.0 123.0
8 46.0 86.5 62.0 120.0
9 71.2 49.1 117.0
10 Fracture 32.9 109.2
11 101.4
12 Fracture

Whilst 7able 3.1 shows no immediate trends in terms of points where samples fractured or
where completion was determined, it is evident that when operating the laser power between
20 — 30%, care should be taken at the point of 8 etch passes when following a cross-hatched
design. This can of course be further scaled to reflect the varying thickness of other substrates.
Laser microscope observation identified the Sample 1 fracture to be a small crack, which was
likely a result of mishandling of the sample during transfer within the lab, meaning this result
can be discounted in reference to direct involvement of the laser. Focusing on the points prior
to fracture on Sample 3 and 3, interestingly these points were thicker than at the final etch
runs for the 2 completed samples. The likely cause of this was an increase in power. As
opposed to the completed samples which greatly decreased the power to 17% on the last run
to remove some graphitic carbon, Sample 3 and 5 both fractured when power was increased

to 30% identifying a future need for care and patience at lower thicknesses. Average etch

rates for Samples 1-5 were 39.3, 31.8, 25.4, 33.4 and 18.1 um/pass respectively and whilst it
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is true that power was not varied consistently across all runs, these etch rates were generally
inconsistent, in line with what would be expected for laser etching. However, as observed
within similar ongoing experiments within the lab from a fellow student, wet etching of
diamond grown on silicon substrates to isolate thin films led to both poor control of etching,
frequent delamination and fracturing, proving it to be a more time-consuming and
inconsistent method for thin film fabrication. Alternatively, experimental methods such as
ICP RIE as previously mentioned, have been identified as probable solutions to this, etching

in a far less destructive nature than laser etching.
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Figure 3.1 — LEXT profiles taken from both completed transmission samples showing (a)
the final membrane thickness of Sample 2 (65.8 pm), taken in relation to the LEXT
sample stage, (b) the well depth of Sample 2 which was analysed during etching, (c) the
membrane thickness of Sample 4 (59.6 um) in relation to the sample stage and (d) the well
depth of Sample 4. All measurements were taken using the average of each surface to
account for minor surface discrepancies.
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Figure 3.2 — Colour gradient height maps showing the smooth surfaces of (a) Sample 2 and
(b) Sample 4 post laser etching. In reference to the scale (a) -84.047 is taken as the lowest
point and (b) -108.291 is taken as the lowest point.

The above Figure 3.1 shows the side profiles generated through 3D acquisition from the
Olympus LEXT. These profiles represent the final profiles used to determine the thickness of
each membrane post growth however, they were also used extensively throughout to provide
fast and accurate surface analysis. Figure 3.1 profiles were also used to monitor the surface
roughness which was found to be relatively smooth with only a 1 — 5 pm discrepancy as a
result of the cross-hatched etching pattern. This is better represented through Figure 3.2 which
further implies a smooth surface on the micron scale. The relation of surface roughness to
secondary electron emission is well studied and will be discussed in further detail with the
addition of SEM analysis, and imaging down to the nm scale. The yield of secondary
electrons can be greatly reduced by the presence of rough surfaces, especially such that may
arise from laser etching with the formation of deep valleys or irregularities, which can trap or
backscatter escaping electrons preventing emission, 130 negatively impacting transmission

dynode performance.

3.2 —SEM and LEXT Surface Analysis

A combination of scanning electron microscopy and LEXT laser microscopy was used to
analyse a variety of important features within the dynode Sample 2 and Sample 4. This
primarily included a focus on growth quality, film thickness as previously discussed, surface
morphology and surface orientations present within PCD growths and etched substrates. For
ease of understanding the dynode structure can be separated into two key surface

components, comprising of the BDD growth side, in which electrons are initially received to
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begin transmission, and the etched ‘cavity’ side, where secondary electrons are emitted. To

analyse the growth quality and the identification of any surface orientations of the initial,

thicker growth SEM images can be found in Figure 3.5.
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Figure 3.3 — SEM 1mages of the initial low concentration MWCVD BDD growth; (a)
Sample 2 high zoom, scale = 5 pm, (b) Sample 2 wider field, scale = 10 pm, (c) Sampe 4
high zoom, scale = 5 um, (d) Sample 4 wider field, scale = 10 pm.

The growth quality of both samples can be best understood by looking at (a) and (c). The
black speckles present within Sample 2 (a) were initially of interest and were consistent across
the entire sample. This phenomenon is not widely reported with one report from R.
Bogdanowicz et al., reporting similar black spots as graphitic regions.[!3!] However, the
uniform nature and far smaller size of the spots present within (a) and (b) implies that this is
not the case and after discussion, it was determined this was likely trapped hydrogen. Once
again it is difficult to comment with certainty the reason this arose, but it should be noted

Sample 2 was the first ‘unassisted’ growth, with possible user error relating to unstable
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plasma, or general slow operation of the MFC gauges possibly being at fault. Whilst
secondary ion mass spectrometry (SIMS) could have confirmed this, the extremely small
concentration of hydrogen likely contained within these pockets would not significantly

interfere with electrical conductivity in operation making this additional step unnecessary.

Comparing the crystal quality of Sample 2 (a) and (b) to Sample 4 (c) and (d), Sample 4
appears to be a slightly better growth, as evidenced by an overall clearer and more well-
ordered crystal structure. Image sharpness within SEM is related directly to conductivity, in
which Sample 4 appears sharper and better defined, which is supported when considering the
slightly lower initial surface resistance of 13 M€2. Whilst it would be sensible to assume this is
due to the absence of trapped hydrogen within the crystal, there is not enough supporting
evidence to draw this conclusion. Alternatively, surface orientations should be considered
with a focus on their effects on the electrical conductivity of diamond. The lack of grain
boundary order and high defect concentration within PCD, in comparison to high purity
single crystal means that electrons can become trapped at grain boundaries within PCD
impacting transmission of electrons through the bulk of the material.['3?] This lack of order is
also expressed within the diamond surface orientations that can be identified through SEM.
Whilst both Sample 2 and Sample 4 express a high concentration of <110> surface
orientations, Sample 4 has a greater presence of <111> crystal growths across the surface.
For very low boron concentration, H-terminated diamond such as Sample 2 and Sample 4 at
the time of SEM analysis, the <111> surface arrangements will accommodate a greater
amount of field-induced free carriers than <110>, as a result increasing the conductivity, as
observed with initial surface resistance tests.[133] The LEXT was used to carry out an analysis

of the second HFCVD growth with the results shown in Figure 3.4.
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Figure 3.4 — LEXT images of high concentration HFCVD BDD growth; (a) Sample 2,
100x magnification, scale = 40 pm (b) Sample 2, 50x magnification, scale = 50 um (c)
Sample 2, 100x magnification 3D surface render, (d) Sample 4, 100x magnification, scale

=40 pm (e) Sample 4, 50x magnification, scale = 50 um (f) Sample 4, 100x magnification
3D surface render.

The LEX'T laser microscope was used post CVD growth to analyse the surface quality and
morphology of Sample 2 and Sample 4 as seen in Figure 3.4. Comparing 100x and 50x
magnifications of Sample 2 (a), (b) and Sample 4 (d), (e), the grains appear marginally larger
in Sample 4. For electron emission properties, smaller grain boundaries are reported to
produce a larger emission current over more uniform areas. However, this statement is
largely in reference to a comparison between PCD and NCD, meaning emission current
differences between the two samples would be minimal in this case.!!3* Overall both growths
appeared high quality, with the absence of graphitic regions later confirmed through the use
of Raman spectroscopy. Electrical resistance was also observed to drop significantly (19 MQ
to 43 € for Sample 2 and 13 M€ to 35 €2 in Sample 4) achieving the goal of increasing

conductivity at the primary surface for electron transmission.
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Figure 3.5 — SEM 1mages showing the reverse etched side of Sample 2 and Sample 4; (a)
Sample 2 high zoom, scale = 50 pm, (b) Sample 2 low zoom cavity, scale = 500 pum, (c)
Sample 4 high zoom, scale = 10 pm, (d) Sample 4 low zoom cavity, scale = 500 pum.

SEM images shown in Figure 3.5 of the entire cavity shown in (b) and (d) highlight the
uniformity of the cross-hatched etching procedure. Of the two, (d) of Sample 4 appeared
more consistent regarding the membrane edges which appear slightly offset in (b). (a) and (c)
provide additional information regarding the smoothness of the membrane, in reference to
grooves and troughs formed as a result of laser etching. The laser etching process flattens and
removes a large majority of identifiable surface orientations as reflected in the high zoom
SEM images, requiring the focus to be shifted towards potential recombination effects or
electron scattering which may occur as a result of an uneven or rough surface, in reference to
grooves. Overall (a) appears rougher with more prevalent lines remaining from the laser
etching, and whilst there are visible grooves remaining on (c), these appear far less
pronounced. This indicates that later etching processes, in particular where a greater total of
etch passes alongside the addition of low power passes to towards the end, will aid in

achieving a flatter and more consistent surface morphology. The benefit of obtaining a
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smooth surface lies in the reduced likelithood of obstruction or reabsorption from
neighbouring crystals or irregularities, which in turn reduces the secondary electron emission
yield.!133] The secondary electron emission yield properties of diamond films have also been
found to be closely related to escape depth, A, and when correlated with surface morphology,
can determine both the roughness and crystal quality of diamond films, which can be
controlled by varying the methane percentage during CVD.[!36] Whilst exact methane
concentrations used within Element Six PCD substrates is not publicly available, filed patents
can be used to estimate this to be around 3.5 % (H2/Ar/CH4/SiH4 in Ho at 600/10/23/9.5
sccm), 1371 which implies the SEY of the PCD substrate would sit between the 2 % and 4 %
concentrations tested. From this, it is estimated that the substrate from which secondary
electrons are emitted, operates towards to upper end of SEY as reported, which is beneficial
for use within transmission dynode electron multiplication applications. However it is evident
that this study would further benefit from the addition of a calculated escape depth to allow
for modelling and optimisation of the SEY from PCD substrates, which could be achieved

through further electron beam testing.

3.3 - Raman Spectrum

Raman spectra were taken for both the higher boron concentration growths and were used to
analyse the surface characteristics and structural properties of boron-doped diamond.
Alongside this, Raman spectrum was acquired for the PCD substrate, acting not only as a
point of comparison between high purity industry standard PCD, but also to confirm the
absence of any graphitic regions and the later presence of scandium within the membrane
cavity. Unfortunately due to complications which arose with the bulb breaking in the Raman
spectrometer, Raman analysis could not be carried out on initial, low concentration residual
boron growth layers. Raman data taken from these initial growths would have been useful to
compare the similarities between very low doping concentrations and i-diamond.
Furthermore, the presence of peaks and Fano effect which arise due to a greater
concentration of boron related defects would be clearer. However, such analysis was still

attainable, and Raman spectrum obtained can be seen in Figure 3.6.
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Figure 3.6 — Raman spectrum of the Element Six, polycrystalline diamond substrate of
Sample 2 showing the key peak at 1332 cm!.
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Figure 3.7 — Raman spectrum of the Sample 2 high concentration boron growth with the
Lorentzian component, o, represented by the red dashed line around ~465 cm-!.
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Figure 3.8 — Raman spectrum of the Sample 4 high concentration boron growth with the
Lorentzian component, ®, represented by the red dashed line ~474 cm-!.
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A comparison between Sample 2 and Sample 4 was carried out with spectra shown in Figure
3.7 and Figure 3.8. Key literature peaks which were expected included two broad bands ~480
cm'and ~1218 cm! alongside the addition of a Fano-shaped zone-centre phonon (ZCP)
band before 1332 cm 11138 The additional band ~500 cm! arises due to the vibrational
modes of boron dimers within diamond which form at high boron doping concentrations.[!38]
The presence of all three key bands were identified in both cases, confirming the successful
growth of BDD. Furthermore the absence of crystalline graphite bands ~1575 cm-!,[118]
within both spectra implied hydrogen plasma treatment had been successful in removing
surface graphite regions. The polycrystalline substrate spectra was also as expected, with one
sharp band at 1332 cm!, further enforcing the success of hydrogen plasma treatment to

remove graphitic carbon post laser etching.

It 1s clear from the Figure 3.7 and Figure 3.8 spectra, that both Sample 2 and Sample 4 had
high quality growths, with well-defined characteristic Raman bands within the ~500 cm! and
~1200 cm! region. Comparing spectral features of the two growths it is difficult to assign one
growth as distinctively better than the other. Both spectra feature broadened diamond
primary density of state (PDoS) bands around 1200 cm-!,[!38] implying that boron
incorporation during the growth process was high within both samples. This broadening of
the PDoS spectral band can be accredited to an increased concentration of boron related
crystal defects, caused by higher dopant concentration, increasing the probability of inelastic
scattering at characteristic frequencies. Considering boron incorporation into the crystal
lattice for individual samples, Equation 3 as expressed in a report by P. W. May ¢t al., can be
utilised to calculate estimations for boron concentration in heavily doped diamond, where ®

is the Lorentzian component of the ~500 cm™! band in wavenumbers, cm-!.1139]

[B]/ cm™3 = 8.44 x 103° exp (—0.048w)  (3)

Computational modelling of the 450 — 550 cm! region of Figure 5.7 and Figure 3.8 estimated
the respective Lorentzian components to be 465.0 cm-! (Sample 2) and 473.7 (Sample 4) with
the fitted curves expressed in Figure 5.9 and Figure 5.10. From this [B] was estimated using
Equation 3 to be 1.71 x 10?! cm! (Sample 2) and 1.13 x 10%! cm-! (Sample 4).1140] This slightly
higher incorporation within Sample 2 is in line with what was discussed earlier regarding

smaller grains present within the Sample 2 LEXT analysis, with a decrease in grain size
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correlating to an increase in B/C ratios.['*!] Regarding the overall Fano effects, this is
observable across both spectra through the asymmetry of the bands, especially within the
~1200 cm! region, indicating that both samples are approaching metallic-like

conductivity.[14?]
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Figure 3.9 — Lorentzian fitted curve shown in red for H-terminated Sample 2, used to
determine, ®, the Lorentzian component taken from peak centre = 465.0 cm! of the
modelled curve over the 450 cm! — 550 cm! spectral region.
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Figure 3.10 — Lorentzian fitted curve shown in red for ScO-terminated Sample 4, used to
determine, ®, the Lorentzian component taken from peak centre = 473.7 cm! of the
modelled curve over the 450 cm! — 550 cm! spectral region.
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3.4 — X-Ray Photoelectron Spectroscopy

XPS was used to provide key analytical data relating to the functionalised membrane surface,
in particular the three key stages of termination being the hydrogen, oxygen and scandium
oxygen termination. The initial application of XPS focused on confirming the presence of H-
termination on Sample 2 and O-termination on Sample 4. Due to surface charging
experienced on both H-terminated and O-terminated surfaces and within the later scandium-
oxygen functionalised surface, core electron binding energies were offset from literature
values upon correction with the use of a charge neutraliser. Because of this, accurate
calculations of the valence band energy level in reference to the fermi level were not possible.
This would prevent the accurate calculation of exact electron affinity and work function
values however this did not prevent the observation of shifts between positive and negative
electron affinities with the application of oxygen and H-terminations respectively, and the
subsequent switch from a positive to a negative electron affinity surface with the adsorption of

scandium to the O-terminated surface.
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Figure 3.11 — Cls core electron binding energy peak for the H-terminated diamond surface

of Sample 2 present at 282.2 eV used as a point of reference for XPS analysis using

alternative O and ScO-terminations.
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To observe the effects of varying electron affinity, the study focused primarily on core
electron photoemission spectroscopy of C, O and Sc surface elements. Following the 15
minute, 300 °C anneal of the H-terminated Sample 2 and O-terminated Sample 4, spectra
correlating to the Cls core electron energy level of carbon were generated as shown in Figure
3.11, at a binding energy of 282.2 ¢V correlating to bulk sp? hybridised surface carbon atoms.
Due to surface charging this value was offset by 2.2 eV from typical literature reports of
~284.4 eV typically reported for clean, H-terminated diamond surfaces.!'*3] From the survey,
the oxygen Ols region at ~331.0 eV was also analysed, from which no peak was observed,
implying the use of an overnight vacuum and hydrogen plasma termination had been
successful. This result could be further described as abnormally successful, as typically sample
surfaces become partially oxygenated when exposed to air, especially in transit between labs.
This implies to achieve such clean surfaces in future work, the time between H-termination

and XPS analysis should be minimised to no more than 1 hour to prevent unwanted surface

contamination.
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Figure 3.12 — XPS core electron spectra for Sample 4 oxygenated surface with (a) Cls core
electron binding energy and (b) Ols core electron binding energy.

A full scan survey of the surface composition of the O-terminated sample identified the
presence of two key peaks, correlating to the Ols and Cls core electron energy levels shown
in Figure 3.12. Analysis initially focused on the prevalent Ols peak at 531.2 eV confirming the
presence of an oxygenated surface. This was in very strong agreement with values previously
reported for diamond surface carbon, C4=0, formed from UV-ozone deposition.[>] A

comparison between the oxygenated Cls peak and the hydrogenated Cls peak, observing a
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shift to a higher binding energy of 284.0 ¢V for sp? hybridised surface carbon, once again
offset by 1.2 eV from previously reported values.!5¢ This shift to higher binding energy is in
line with what is to be expected with the change of surface dipoles from positive to negative.
With the change to negative Cq>*=0% dipoles, electron density is repelled onto the central
carbon atom, increasing the effective nuclear charge, Zes, and in turn, increasing the binding

energy to the core Cls electrons.
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Figure 3.13 — XPS spectra for the ScO-terminated Sample 4 with (a) Cls core electron
peak, (b) reduced Ols core electron peak, (c) Sc 2p1/2 and 2ps/2 core electron peaks and
(d) low brightness LEXT surface image showing the presence of scandium metal on the
surface.

Following the deposition of Scandium and the subsequent 700 °C anneal, final XPS analysis
was carried out with results shown in Figure 3.15. The 700 °C anneal was performed in line

with a report by R. Zulkharnay ez al.,[5 which when annealing Sc-O-Cjq functionalised
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surfaces over a range of 300 °C — 900 °C, 700 °C gave the highest activation of an NEA
surface. The presence of scandium was detected through XPS analysis however the relative
counts of both the Sc 2ps/2 and 2p1/2 peaks, alongside the counts of the Ols peak were very
low. This was likely as a result of poor surface coverage of scandium onto the oxygenated
surface due to the complex surface structure with the presence of steep vertical cavity walls
and an additional outer surface, preventing a large majority of deposition onto the target
central membrane. The low 0.25 ML of Sc used was also too low to counteract such
complications, and future studies using similar device structures may look to use a greater
monolayer coverage to ensure a more consistent overall scandium deposition. This was
supported by the observation of outgassing of oxygen from the surface, resulting in a
significant pressure rise within the NanoESCA chamber suggesting a portion of the oxygen
remained unterminated. The two 2p core electron energy peaks observed for scandium
appeared at 403.7 eV (2p1/2) and 400.1 eV (2ps/2), with the observed splitting as a result of
spin-orbit coupling. Furthermore, the 2ps/2 exhibits a greater intensity due to greater
degeneracy (¢ = 4) compared to 2p1/2 (g = 2). Finally, the presence of an NEA surface was
confirmed with the observation of the switch to positive surface dipoles (Cq®+- O%-Sc®*) which
draws electron density away from the central carbon atom, reducing Z.y and therefore
reducing the binding energy to the core Cls electrons. This observation was made through
the comparison between the previously reported Cls binding energy peak of the Cq surface
and the Cls binding energy peak of the Cq-Sc-O surface, in which binding energy was shifted
to a lower 283.3 eV, confirming the presence of an NEA surface, crucial for secondary

electron emission.

3.9 = Electron Beam Testing

Transmission dynode performance testing using the e-beam aimed to analyse potential
transmission and electron multiplication characteristics of the dynode structures to determine
where such a structure could be used within conventional MCP-PMT vacuum
photodetectors. Unfortunately, complications which arose during the installation of the new
electron gun component greatly hindered testing and only one test run was able to be
performed. The device chosen for operation was the ScO-terminated Sample 4, as this aimed
to achieve the aims of the project of improving dynode performance through metal-oxygen
functionalisation of thin diamond membranes. The resultant current response over time

graphs can be seen in Figure 3.14 and Figure 3.15.
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Figure 3.14 — Electron beam current over time response graph, correlating to the control
run which operated without the inclusion of a transmission dynode to act as a baseline for
current response, to be used in later comparison with a run including the use of the final

transmission dynode structure.
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Figure 3.15 — Electron beam current over time response graph, operating with the
inclusion of a transmission dynode to test the electron multiplication and transmission
performance of the finalised transmission dynode structure.
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From the current response graphs, values for minimum current, Zni», maximum current, Jya,

and a baseline current from which the maximum and minimum values fluctuated, Zj4., were

calculated and tabulated in Table 3.2.

Table 3.2 — Measured current values for the control run and Sample 4 run. Zuin, Zpas, and
Lax represent the minimum, maximum and baseline measured current for both runs.

Current values were determined using physical copies of the two graphs and assigning a
scale, X mm = 0.05 pA, from which estimates could be taken.

Imin/ HA Ibase/ P»A Imax/ HA
Control 0.0192 0.0256 0.0320
Sample 4 0.0180 0.0225 0.0270

The current values, 1., were normalised using Equation 4, which divided the measured

secondary current, /;, by the primary emission current, /, to ensure that results were

consistent and comparable to account for varying emission current.

(4)

Table 3.3 — Normalised current values for the maximum, minimum and baseline measured
current. In both cases the minimum emission current, , = 0.003 mA, the baseline 7, =

0.004 mA and the maximum /7, = 0.005 mA.

I:nin/ “A I;;ase/ “A I:nax/ “A
Control 6.40 x 103 6.40 x 103 6.40 x 103
Sample 4 4.50 x 103 4.50 x 103 4.50 x 103

From the values quoted in 7able 3.3, three values for the transmission secondary electron
yield can be calculated using Equation 5, from which the TSEY, 8 is calculated from the

transmission dynode current, /7p, over control current, L., Results from these calculations

are quoted in Table 3.4.
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Table 3.4 — TSEY values for transmission dynode Sample 4. Calculated using values
included in Table 4.2 using Equation 5.

Smin Smax 8 base

TSEY of Dynode 4 0.703 0.703 0.703

From the values stated in Table 3.4, the TSEY was determined to be & = 0.7. What this
implies 1s that for every one electron, on average 0.7 transmitted secondary electrons reach
the collector plate. From this result we can draw two conclusions, the first being this device
would be suitable and beneficial for applications in which the primary goal is to extend the
lifetime of the photocathode. However for applications in which the primary goal is to
improve device performance through an amplification of electrons arriving at the
microchannel plate, this device would not be beneficial, but in the context of current
techniques reducing collection efficiency by ~60 %, such results could be classified as an
improvement of up to ~10 %. A previous report by X. Chang et al., reported high
transmission yields (~40) for 500 pm thick high purity single crystal diamond, excluded the
use of polycrystalline diamond at 500 pm thicknesses for transmission applications due to
electron and hole trapping at grain boundaries.[!3% In reference to this, the results imply that
the use of thinner PCD membranes would allow for transmission applications but the gain of
electrons arriving at the detector would be impacted. Although these results are promising, a
single test 1s not sufficient evidence to draw appropriate conclusions. The control and test
currents are relatively similar in nature, which may imply the electron beam is providing false
readings, which could be supported by the additional information that at the time of testing, a
phosphor screen had not been used to correctly calibrate the instrument to be sure that the
beam was focused directly on the dynode. Furthermore, the lack of repeat testing or
comparisons with non-metal-oxygen functionalised devices means that we cannot validate our

results m situ.
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4.0 — Conclusion

Two complete transmission dynode structures were fabricated using a combination of laser
etching to create initial thin PCD membranes, followed by the deposition of boron-doped
diamond to form a conductive surface for primary electrons to begin transmission. The
addition of a high boron doping concentration layer provided a solution to the initial growth
having a high measured surface resistance when tested. The two structures were analysed
using SEM and with a LEXT laser microscope, observing a high surface crystal quality and
thin 66 pum and 60 pm membrane thicknesses. Raman spectroscopy and XPS to analysed
surface composition, with Raman spectra identifying key bands ~480 cm! and ~1218 cm-!
alongside the additional Fano-shaped zone-centre phonon (ZCP) band before 1332 cm-!.
Raman spectra was also used to estimate boron incorporation to be 1.71 x 102! cm! (Sample

2)and 1.13 x 102! cm! (Sample 4).

H-termination of the samples was initially performed using a variable pressure and power
hydrogen plasma treatment, with later oxygenation of the surface using UV-ozone cracking
to form surface ketones. A similar use of hydrogen plasma was also used in between growths
and etching processes to remove graphitic sp? surface carbon which may have formed,
creating clean and high quality surfaces. Later functionalisation with scandium on the
oxygenated surface of Sample 4 was carried out using the NanoESCA, which was followed by
XPS analysis of the H-terminated and ScO-terminated surface, from which the Cls core
electron binding energy peak of 282.2 eV for H-terminated PCD allowed for observations of
the effects of NEA and PEA diamond surfaces. Such NEA surfaces are essential for secondary
electron emission applications. However surface charging restricted further analysis through
ultraviolet photoelectron spectroscopy (UPS) and photoemission electron microscopy (PEEM)
which would have provided useful information regarding exact work function and electron
affinity values. Solutions to this may include the use of commercially available boron-doped

diamond substrates, which should be explored in future work.

This single run using the electron beam suggested the successful transmission of electrons
through the sample (5 = 0.7), alongside a slightly reduced gain in electrons through the
generation of additional secondary electrons. However these results still suggested the device
may hold use for the extension of the lifetime in MCP-PMT vacuum photomultipliers.

Unfortunately, time restrictions and further complications with the electron beam meant that
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repeat testing or additional testing of Sample 2 which contained the additional ohmic channel
were not possible. alongside this, the possibility of false results due to improper calibration or
surface charging make it very difficult to validate these results. These results did show some
promise however, and the project displayed that following similar steps it is possible to
fabricate functionalised diamond transmission dynodes, but more work would be required to

optimise the device fabrication process and validate or build upon results.

5.0 — Future Work

Future work would benefit from the use of a different, possibly larger starting substrate, whilst
also exploring alternative techniques such as ICP RIE to form thin film transmission dynode
substrates with improved control of the etch rate. This substrate should be single crystal
following the report by X. Chang et al.,['3?] regarding vastly increased secondary electron
yields but crystal surface orientations should also be considered in line with what was reported
by J. E. Yater ¢t al., when functionalising the surface.39] Furthermore, a lightly boron-doped
substrate would allow for further NanoESCA testing including UPS and PEEM by removing
any potential surface charging, to give precise work function values and ultrahigh resolution
of sample surfaces. In addition, scandium was the only metal explored for functionalisation of
the oxygenated surface, leaving obvious room for alternative metal functionalisation using

magnesium and lithium.

Further testing with the electron beam should also be carried out, not only to test for an
increase in electron gain at the detector using optimised structures, but also to investigate how
the functionalised surface would be maintained over repeated, high energy bombardment.
This avenue of work would be crucial for determining whether such devices could be
implemented into MCP-PMTs, as repeat testing could simulate extended periods of
experimental use and outline the potential need to periodically re-terminate the surface to

maintain high gain performance.
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