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Abstract

The overarching goal and ambition of this research is to realise a potential solution to
the chemical instability found with known functionalised diamond surfaces. A sub-set of
these form a dipole that gives rise to a negative electron affinity property that promotes
enhanced electron emission at thermionic temperatures and has numerous technological

applications including concentrated solar thermal power generation.

The prime focus of the research presented in this thesis is the use of tin (Sn), a very
nontoxic, abundantly available, less expensive heavy metal, as an alternative termination
of the diamond surface. The suitability of tin was established using the density functional
theory (DFT) where Sn and tin monoxide (SnO) groups used as a termination on the
diamond (100) surface have resulted in a large adsorption energy of -4.4 eV in half
monolayer configuration (HML) with an electron affinity of —1.43 eV and up to -6.5 eV in
HML configuration with an electron affinity up to —1.37 eV, respectively. The NEA occurs
as a result of dipole formation on the surface due to the shift in the electron density
toward or in the vicinity of surface carbon atoms, realised through the electrostatic

potential and density of states calculations.

Lithium nitride solution was deposited on the diamond surface with subsequent
annealing at higher temperatures to gain an insight into the mobility of the Li atoms on
the diamond. Li atoms were seen to move from the surface into the near surface bulk
and then back to the surface through the temperatures of 650 °C — 750 °C — 850 °C, at
which point the LiO was completely desorbed from the surface. This was seen to affect

the bulk properties of diamond.

An air stable sub monolayer of SnO nanoclusters was formed “reliably” on the surface of
diamond (100) using physical vapor deposition. SnO was seen to impart an NEA of -0.02
eV to the diamond surface along with a reduction in the WF by 1.8 eV. Inclusion of Li
atoms into this structure resulted in Li atoms taking up oxygen from SnO and forming
SnO,-LiO, heterostructure with an NEA of — 0.42 eV and WF reduction by 2.3 eV. This
interaction has also resulted in the increased stability of the Li on diamond surface. Only
about 15% of Li was lost in the case of Li,O-SnO, termination on diamond (100)
compared to 47% lost in case of LiO terminated diamond at similar elevated

temperatures.
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Figure 1.1 : CO2 in air since the ancient times till modern times. It shows record increase

in the levels of CO2 mostly due to the industrial activities of human. Emissions increased 02
slowly nearing 5 billion tons per year in the mid-20th century before rapidly spiking to

more than 35 billion tons per year by the end of the century. Reproduced from [23]

Figure 1.2: Energy harvesting from fossils as chief reason for CO2 emission. The Potsdam
Institute for Climate Impact Research study reveals nearly 90% (32.1 billion tonnes) of the 03
atmospheric CO2 contributed by the energy consumption, be it because of the lamps in

our rooms or the HVAC systems running in huge buildings. Source [2][3][4]

Figure 1.3: The conventional unit cell of diamond where the balls represent carbon atoms

and the rods represent the bonds between them as outlined in black. 09
Figure 1.4: Schematic diagram illustrating the electron affinity and its relation to WF
relative to a fixed vacuum energy level. VB, VBM, CB and CBM indicate the valence band,
valence band maximum, conduction band and conduction band minimum, respectively.

The fermi level position is dependent upon the doping condition (n doped or p doped). a)

PEA, showing vacuum level in the conduction band; b) true NEA where the vacuum level 13
is significantly below the CBM, c) true NEA in a p doped material with downward band
bending. d) effective NEA where the downward band bending pushes the CBM below the
vacuum level and e) PEA in an n doped material where upward band bending has pushed

the CBM above the vacuum level. Reproduced from [5].

Figure 1.5: A TEC device which shows an emitter and collector electrode connected
through a load. The heat source and heat sinks are also shown for convenience in
understanding the process. Reproduced from [6]; The basic workings principle of a TEC, 14
where the heat energy can be supplied through various means to the emitter/cathode,
emitting electrons to drive a load. (b) An energy diagram of a basic TEC in operation,

where J is the current, V is the contact potential, is the WF, and EF is the Fermi level.
Reproduced with modification from [9].

Figure 3.1: An example of the electrostatic potential graph of diamond taken
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perpendicular (in the z-direction) to the diamond slab. 28
Figure 3.2: (a) One of the hot filament (HF) CVD reactors. (b) The interior setup of the
reactor. Adopted from [1] (c) Schematic showing the process gases being dissociated with

a heated filament in a Hot filament CVD (d) Schematic showing a linear antenna-style 31
microwave plasma CVD with an antenna that tunes the microwave radiations to form a
plasma above the substrate. Adapted from May [2]

Figure 3.3: A sketch and a photograph of the microwave plasma enhanced CVD reactor.

It shows the process of plasma generation from the reactant gases above the substrate for 32
chemical vapor deposition of diamond. Adopted from [3]

Figure 3.4: a) Shows the whole NanoESCA facility sitting on a 28 tonne keel slab
supported on pneumatic jacks on concrete. b) Shows the preparation chamber or part of

the facility while ¢) shows the NanoESCA or EF- PEEM side of the facility. d) Schematic

shows the main parts of the NanoESCA facility in which a deposition chamber (pressure 35
of ~ 109 mbar), a preparation chamber (pressure of ~ 10t mbar) and NanoESCA chamber
(pressure of ~10* mbar) are shown to be connected through a fast entry load lock (FEL)

(with a pressure of ~ 10-8 mbar) and various valves. Adopted from [3]

Figure 3.5: A labelled photo of the deposition chamber installed on the NanoESCA
facility at the University of Bristol, UK. [3] 36
Figure 3.6: Schematic diagram showing the thermal evaporation set up for Li deposition

with parts labelled. Base pressure is ~10-9 mbar. 38
Figure 3.7: Schematic diagram demonstrating the E-beam technique for metal (Sn)
deposition. The base pressure is around ~10-9 mbar. 39
Figure 3.8: A picture of the e-beam evaporator showing four pockets containing different

metals with a single pocket in use (orange) along with a labelled diagram for the 39
components within a pocket. [3]

Figure 3.9: Schematic describing the general principle pertaining to the operation of a
photoemission spectrometer. A photon source with energy hv (either X-ray or UV) emits 41
light on a sample surface in an ultrahigh vacuum. The kinetic energy of the photoelectrons

thus ejected is analyzed by the electrostatic analyzer. Adopted from [10]

Figure 3.10: a) Angle resolved XPS showing (LSS) and (MSS) modes at 25° and 45° to
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the normal of the sample [4] 43
Figure 3.11: Schematic showing the basic working of a LEED set up where the low energy
electrons from an electron gun are fired on a sample surface. The reflected beams are 44
collected on a fluorescent screen which gives information about the crystal lattice structure

of the sample” Adopted from [12]

Figure 3.12: Showing various parts of PEEM / NanoESCA II with Spatial resolution in

PEEM mode 13 nm. Spatial resolution in energy filtered mode 23 nm. Selected area 45
spectroscopy Energy resolution at 29 K with Channeltron 30 meV. Energy resolution at 29

K in energy filtered mode 20 meV.

Figure 3.13.: “The scheme compares the two operation modes of energy-filtered
photoemission microscopy and the process of data acquisition. In the real space mode (a)

spatial resolved image spectra are acquired from a specimen (c¢). The chemical information 46
can be evaluated for different sample positions (e). In momentum microscopy (b) the
energy dispersion curve (f) is often of interest, which can be extracted from a stack of
constant energy distributions (d)”. Adopted from [13]

Figure 3.14: Selected ARPES stack of energy slices from Single Crystal (100) diamond. 50
Figure 3.15: Schematic of the experimental thermionic emission testing kit, where a
vacuum chamber along with other important parts of the laser heated system is shown. 51
Extracted from a previous publication [9][14]

Figure 4.1: The optimized structure for the a) clean reconstructed C(100) surface and b)

C(111) surface. 55
Figure 4.2: a) Plan view of the bare (2 x 1) reconstructed diamond surface showing the
potential high symmetry adsorption sites for Sn on bare diamond surface. HH, HB, T3 and

T4 refer to the hexagon hole, hexagon bridge, third-tier carbon, and fourth-tier carbon

sites, respectively. Green balls represent carbon atoms while orange balls represent tin 61
atoms. b) Unreconstructed diamond (100) surface with Sn atoms in ether configuration
(bridge position). ¢) Unreconstructed diamond (100) surface with Sn atoms in ketone
configuration (on top position).

Figure 4.3: Most stable a) QML and b) HML of Sn on diamond (100). Note the

reconstruction of the diamond surface has occurred due to Sn adsorption. Green balls 64
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represent carbon atoms while orange balls represent tin atoms.

Figure 4.4: Electrostatic potential (EP) for the most stable configuration i.e., HML of Sn

on bare diamond (100). The electrostatic potential is atom centric like H termination 65
instead of bond centric as seen in case of metal oxide (LiO) terminations of diamond. Here,

brown balls represent carbon atoms grey balls represent tin atoms.

Figure 4.5: Showing clean diamond surfaces terminated with oxygen in a) ether (bridge
between two C atoms and b) ketone (on top of each C atom) configurations. Brown balls 66
represent carbon atoms while red balls represent oxygen atoms.

Figure 4.6: Geometry optimized most stable output structures showing a) QML (1 atom)

Sn on the oxygen (ether) terminated diamond; no surface reconstruction has occurred due

to Sn adsorption. b) QML adsorption where 1 Sn is shared by 4 O (ketone) atoms (4
coordination) hence resulted in reconstruction (or C-C bond) on the surface. ¢) HML
adsorption where each Sn atom is shared by 2 O (ketone) atoms (2 coordination) hence 69
resulted in reconstruction (or C-C bond) on the surface. Green balls represent carbon

atoms while red balls and orange balls represent oxygen and tin atoms, respectively.
Adopted with modification from [5].

Figure 4.7: Electrostatic potential (EP) for the most stable configuration i.e., HML of Sn
(ketone or on top) on oxygen (ketone) terminated diamond (100). The large surface dipole
apparent in the potential is projected onto the structure. It shows the dipole is bond centric 70
as has been found in case of LiO terminated diamonds rather than atom centric unlike H
terminated diamond. Here in this figure, brown balls represent carbon atoms while red

balls and purple balls represent oxygen and tin atoms, respectively.

Figure 4.8: (a) Projected density of states (PDOS) for bulk C and surface C prior to Sn
adsorption. (b) The PDOS for the same layers after QML of Sn adsorption (shifted
vertically for clarity). (c) Projected density of states (PDOS) for bulk C, surface C and 73
surface O (ketone) prior to Sn adsorption. (d) The PDOS for the same layers after QML of

Sn adsorption (shifted vertically for clarity). All energies are relative to the Fermi level at

oeV.

Figure 5.1: a) Raman spectra of HPHT Single crystal; b) Raman spectra of Polycrystalline

Diamond using 785 nm laser. Black and red spectra represent before and after cleaning, 80
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respectively.

Figure 5.2: a) O 1s peaks and b) Li 1s peak; showing deconvoluted peaks at various
annealing temperatures. 81
Figure 5.3: a) Angle resolved XPS showing (LSS) and (MSS) modes at 25° and 45° to the
normal of the sample. b) Angle resolved XPS of C1s peak in the LSS mode (25°) and MSS 83
mode (45°) at 750 °C. ¢) Angle resolved XPS of Ci1s peak in the LSS mode (25°) and MSS

mode (45°) at 850 °C.

Figure 5.4: a) The relative intensities of Li:C, O:C and Li:O ratios; for Boron doped
polycrystalline diamond. b) Relative intensities of Li:C, O:C and Li:O ratios for Nitrogen 85
doped single crystal diamond.

Figure 5.5: a) O-C dipole representation of the diamond surface showing the dipole
between C-O due to charge transfer between the species. b) O1s, Cis and C:O relative shifts
showing a saturation point at 650 °C and significant changes at 850 °C as explained. ¢) The 87
band structure of diamond showing the position of Valence Band Maximum (VBM) and
Conduction Band Maximum (CBM) at 500 °C, 650 °C and 850 °C.

Figure 5.6: The process of O-Li adsorption and Li diffusion into the near surface
diamond bulk at the initial annealing temperatures and desorption of LiOx groups at 88
higher annealing temperatures.

Figure 6.1: XPS Oxygen 1s peaks with fitted components showing all changes in size,

shape and position in a) Pre Li, b) Li deposited, ¢) 500°C anneal, d) 800°C anneal and e) 100
Li peak shape changes with annealing temperature. f) UPS spectrum for LiO terminated
diamond.

Figure 6.2: SPA-LEED images of a) Oxygen terminated diamond; b) Li.O terminated
diamond after annealing temperature of 500 °C for 1 hour revealing 1 x 1 reconstruction

of the surface. SPA-LEED was taken with an electron energy of 100 eV. The 1 x 1 spotsare 100
marked by the white circles, while the intensity of each spot was measured along the white

dashes at the respective points. Spa-LEED images show the order at the surface is retained

after SnO termination on the surface of diamond and also after Li deposition.

Figure 6.3: Geometry optimized output structures showing a) QML (1 atom) of Sn on the

oxygen (ether) terminated diamond which has resulted in no surface reconstruction. b)
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QML (1 atom) Sn on the oxygen (ketone/carbonyl) terminated diamond; the breaking of

ketone bond has resulted in the surface reconstruction between the C atoms. ¢) HML

where 1 Sn is in between the two O (ketone) atoms hence resulted in reconstruction (or C- 102
Cbond) on the surface whereas the other Sn atom in on top of another O atom. All of these
configuration show NEA with a large E,. This figure is reproduced with colour
modification from chapter 4.

Figure 6.4: XPS of the sample at each process step showing a) Transition of Sn from
metallic and oxide combination to pure oxide phase using oxygen cracking and annealing.

b) Change in Oxygen peaks during the process. We have a peak for metal oxide (SnO) and 103
an oxygen vacancy peak at 530.5 eV and 531.3 eV[7].

Figure 6.5: Sn4d spectra at various surface processes, confirms the presence of SnO

rather than SnO, on the surface of diamond. The presence and retention of Sn4d spin orbit
doublet (rather than 4 peaks as in case of SnO,) before and after introducing Li, 104
respectively, shows the presence of SnO rather than SnO, which is an important piece of
information and could serve as a reference for future research/ study into tin oxide-based
materials.

Figure 6.6: a), b) Electrostatic potential diagram showing variation of potential on the
surface of diamond from the bulk diamond in oxygen (ether) terminated diamond and Sn

(QML) OTD (ether) terminated diamond, respectively. ¢) XPS peaks for surface carbon 106
(C1s) showing the shift in XPS peak.

Figure 6.7: a) Lithium peaks (deconvoluted using U 2 Tougaard background and FWHM

widths of 1.7 €V + 0.1 €V for oxide peaks), b) Sn Peaks (deconvoluted using Shirley
background and FWHM of 1.8 eV + 0.1 eV for oxide peak; As soon as Li was deposited,
lithium reduced the tin oxide giving a peak for metallic tin while also giving another peak 108
for lithium oxide. We can also see a clear peak for lithium oxide and SnO after annealing

at 500 °C which confirms the formation of Li,O/SnOy heterojunction.

Figure 6.8: SPA-LEED images of a) Oxygen terminated diamond; b) SnO terminated
diamond; ¢) SnO/Li,0 terminated diamond after annealing temperature of 500 °C for 1

hour revealing 1 x 1 reconstruction of the surface. SPA-LEED was taken with an electron

energy of 100 eV. The 1 x 1 spots are marked by the white circles, while the intensity of
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each spot was measured along the white dashes at the respective points. Spa-LEED images

show the order at the surface is retained after SnO termination on the surface of diamond 110
and also after Li deposition; d) Spot width analysis of oxygen terminated, SnO terminated

and Li,O/SnOy terminated diamond surfaces, obtained using the intensity profile of each

spot in figure 6.8 and then measuring the width at the center of each intensity peak,
showing the increase in the width of the LEED spots which is typical of a fine monolayer/
sub-monolayer layer nanoparticles (or nano-oxides /nanoclusters) which just broaden the

LEED integral spots.

Figure 6.9: a) oxygen terminated diamond before Li deposition; b) Li-O terminated
diamond; ¢) Oxygen terminated diamond before SnO and Li deposition; d) Li,O/SnOx
deposited diamond; revealing the homogenous surface/ termination with a WF of 3.9eV 112
and 3.6- 3.9 eV, respectively. The field of view is cut because the WF is different at the top

and bottom of the image due to the parabolic energy dispersion done by the two analyzers

in NanoESCA (PEEM).

Figure 6.10: Percentage of Li in the sample after various annealing steps which
demonstrates the relative stability of Li on oxygen terminated diamond and SnO
terminated diamond. This graph was obtained using the relative areas of the Li 1s and Sn

1s high resolution peaks. As we can see stability of Li is stronger in case of Li,O/SnO; 113
terminated diamond than in the LiO terminated diamond. Also Li was seen to exist up to

1000 °C in the former case compared to the latter. This could give an insight into the
successful intercalation of Li into SnO planes as has been mentioned already.

Figure 6.11: a) ARPES for oxygen terminated diamond; the structure for the bulk
diamond is clearly visible in the center. b) ARPES for SnO terminated diamond; no ARPES

seen. ¢) ARPES for Li,O/SnOy terminated diamond; no ARPES seen. ARPES was obtained 114
using a pass energy of 50 €V and scanning between B.E. of -0.5 to 4 €V with a step of -0.05

eV. These figures were generated by averaging the intensity over the whole B.E.

Figure 6.12: UPS spectra of the diamond (100) showing the Fermi edge of the sample at
various process steps. The VBM position is determined by extrapolating the low binding

energy (leading) edge of the measured valence band into the measured background. The

background intensity is represented by the state free area in the band gap. The intersection 115
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resulting as a result of the interpolation is assumed to be the energy where density of states

(DOS) reaches close to zero (0) i.e. Valence band maximum.

Figure 6.13: a) UPS graphs for LiO- terminated and SnOy/Li,O terminated Diamond
surface at various process steps. The spectra were produced using a monochromatic 21.2

eV He-I source. WF decreases with the process steps, finally giving a WF reduction of 2.3

eV.b) VBM position determined using ARPES at 3 process steps. ¢) A schematic diagram 117
showing the downward band bending of diamond (100) due to the various terminations.
Aband gap of 5.47 €V was assumed in calculating the energy levels.

Figure 6.14: The temperature profile/ ramp used for performing the thermionic runs on

the hydrogen and SnO terminated diamond in all case. 119
Figure 6.15: A set of thermionic profiles illustrating the difference in current output
between hydrogen, and tin monoxide terminated nitrogen doped diamond at a sample 120
distance of 100 and 200 u between the emitter and the collector.

Figure 6.16: a), b) XPS of sample revealing multiple peaks in Cis and Sn 3d that could

be attributed to metal (tin) carbide formation. There is a small oxide peak as well which

could be due to contamination. c¢), d), e) SPA-LEED images of bare diamond, QML
deposited and 250 °C annealed (1 hour) sample, FML deposited and 500 °C annealed (1 = 122
hour) sample, respectively, reveals high temperature requirement to enhance the surface
structure. f) UPS image of the sample revealing the NEA peak appearing initially at QML
deposition which reduces later at 1 ML deposition. g) and h) WF maps of bare diamond

and QML deposited, 250 oC annealed diamond showing WF reduction up to 1 eV.

Figure 7.1: XPS peaks of O at various annealing temperatures; showing the reduction in

the peak area with the annealing at higher temperatures due to the oxygen loss. This
spectra were obtained after metal (Sn) deposition on the surface of diamond which could 131
mean Sn atoms are taking away O atoms from the surface which otherwise is expected to

be stable at this temperature range.

Figure 7.2: Describing various Sn/Li based heterostructure terminations on bare
diamond (100) with Sn:Li as 1:1 in a) with an electron affinity of -1.5 eV , 1:2 in b) with

bridge or ether bonds between these and with an electron affinity of -1.39 eV and 2:2 in ¢)

with same ether / bridge configuration and with an electron affinity of -0.89 eV; and
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oxygen terminated diamond (100) with Sn and Li in 1:1 ratio in d) and ether/ bridge 132
configuration initially and with an electron affinity of -1.48 €V, 1:2 ratio in €) and ether/
bridge configuration initially and with an electron affinity of -1.87 €V and 1:2 ratio in f)

and ketone / on top initially and with an electron affinity of -1.64 eV.
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Chapter

Introduction

Summary

This is the introductory chapter of the thesis which mentions the climate change and the other
issues associated with it. How industrial revolution and/or “the activities of human” have led
to the climate catastrophe and its effects on the energy sources has been discussed along with
how material science could help mitigate the climate change by focusing towards net zero

emission goals.

Moreover, diamond as a candidate for energy conversion devices has been described. The
types and properties of diamond have been mentioned along with how the properties of
diamond can be changed for it to have important and interesting properties so that it can be

effectively used in energy applications.
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1.1. Introduction: Climate change a global challenge
Our scriptures speak of an important role of human being as a viceroy among the creation

on the planet earth. A viceroy is a guardian over all other things present on the face of
earth whether it be animals, plants, earth itself. A guardian is meant to take care of the
things he or she watches over (i.e. the environment). The crisis of the time, well known
by climate change and environmental degradation that our mother earth is facing are
mostly due to the acts of human [13] in the form of excesses in the industrial revolution.
Figure 1.1 shows the levels of carbon dioxide emission (CO;,), a chief cause for
environmental degradation, since the ancient time which indicates a spike in the levels
of CO, emitted since the industrial revolution, breaking the records of thousands of years

in 1950 without any halt.

Atmospheric carbon dioxide amounts and annual emissions (1750-2021)
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Figure 1.1 : CO2 in air since the ancient times till modern times. It shows record increase
in the levels of CO2 mostly due to the industrial activities of human. Emissions increased
slowly nearing 5 billion tons per year in the mid-20th century before rapidly spiking to
more than 35 billion tons per year by the end of the century. Reproduced from [14]

From our homes to mega industries, from modern scooters to aeroplanes and space
shuttles, etc. the fossil fuels are burnt for the purpose of getting energy, releasing massive
amounts of CO,. As the days go by, the population increases tremendously (tripled in

past 70 years) [15] and this increases the use of energy-yielding fossil fuels and other

such products which release harmful gases (Figure 1.2).



Sami Ullah University of Bristol, UK

35.0 Category 2019

Other (IPC5) [ o
30.0 Waste (1PC4) /0%
Agriculture (IPCMAG, sum of IPC3A
25.0- and IPCMAGELY) o
g Il;\du(stnal)Processes and Product _JJ 9.5%
2 ood se (IPC2
H Energy (IPC1) _/ 899%
2 15.0 - Totals (Excluding Land-Use) 100.0% /
5 Y.
10.0- o
.//
5.0 VY.
A N
_74——’/_'/
0.0 ————=
1860 1880 1900 1920 1940 1960 1980 2000

Year

Figure 1.2: Energy harvesting from fossils as chief reason for CO, emission. The Potsdam
Institute for Climate Impact Research studly reveals nearly 90% (32.1 billion tonnes) of
the atmospheric CO; contributed by the energy consumption, be it because of the lamps
in our rooms or the HVAC systems running in huge buildings. Source [16, 17]

Due to the presence of increased levels of such gases as CO, and methane, visible
spectrum absorption and re-radiation in the IR region occurs as a result of which heat
gets trapped which increases the temperature on the earth, famously called greenhouse
effect. The most concerning aspect of greenhouse effect is the rate at which the
temperature is increasing. To put everything in simple terms, according to a report by
the UN [18, 19], our world is hotter by 1 °C than the pre industrial time (i.e. around 1800
A.D.) which doesn’t seem as an immediate threat to humankind or the planet earth. Even
arise of 1.5 to 2 °C global temperature by 2100 has been predicted to be “not a cause
for concern”. What really terrifies the scientists is the current rate at which the
temperature is rising which is 1.5 °C in about 10 years which would be catastrophic for
the nature, the symptoms of which the world is already facing in the form of many
devastating natural phenomenon (rather natural reactions) for example the rise of sea

water levels, famines, less food, floods.

This has resulted in a famous agreement between the world leaders on climate change,
although many have acted in denial, called the Paris agreement in 2015 in which the
world leaders met and pledged to build the worldwide framework for mitigating the
dangerous climate change by avoiding the rise of temperature beyond 2°C and
developing strategies to limit it well under 1.5 °C along with an intention to strengthen
the different countries in dealing with the impacts of climate change and strengthen their

efforts in this journey [20, 21].
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Globally approximately 84% of our energy needs are still met with the fossil fuels which
release nearly 50 billion tons of CO, each year [22]. Instead of erasing the 200 years
history of scientific and technological achievements and going back to candles and
horses, the reduction in the use of fossil fuels for energy needs is stressed. This entails
strengthening the awareness and implementation of renewable energy sources and
harnessing, the only alternative to fossil fuels that can heal the earth to a significant
extent. This would mean developing the science and technology to harness the natural
sources of energy by exploring the wide range of materials and their design and
application in energy conversion and storage devices. This would also help in tapping
the waste heat from various other sources like nuclear reactors, geothermal sources, etc.
(which is nearly 2/3" of the total thermal energy produced). Emphasis has to be laid on
other aspects too like carbon capture, water splitting for hydrogen release and its storage
so that it can be a clean alternative to the fuel, etc. All of these efforts were the outcomes
of the various scientific explorations and topics of discussion between the world leaders
in COP26 as well which happened in Glasgow UK where the world leaders met in 2021
[23] to discuss the outcome of their pledge in Paris agreement (which was nowhere near
the goal) and to renew their pledge more empathetically for the greater good of humanity.
This has resulted in developing the “Net Zero Emission” goal in which different countries
under the leadership of the United Kingdom have promised to reach the goals of net zero
carbon dioxide and methane emissions by restricting or eliminating the use of dangerous
fossil fuels and promote the use of clean sources of energy by a certain target year (2030)
and provide financial help to the developing nations to combat the symptoms of climate
change. Thus, every single step towards the production and implementation of
technology and materials for green energy counts as a milestone in this age of crisis

which is actually the aim of this study.

1.2. Material science and its role in fulfilling our ‘Net zero emission’

goal
Let us illustrate this with an example set by the UK which became the first global economy

to set a net zero emission target for 2050 [24]. In this regard, an initiative was taken by
The Henry Royce Institute (Royce) in collaboration with the Institute of Physics (IOP) to
involve academic and industrial material scientists to find the role of material science in
delivering affordable, reliable and green energy. The outcome of this initiative was a set

of roadmaps illustrating how material science can contribute to the UK’s low carbon
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energy transition. It was shown that novel materials and processes need to be developed
and implemented in photovoltaic systems, low carbon production of hydrogen (water
splitting), thermoelectric energy conversion, caloric energy conversion, and low loss

electronics in order to achieve the mentioned goals [25].

As an example, PV energy conversion has been considered as one of the means to
address the UK’s net zero goals for energy generation as it has the potential to meet
50% of the UK's total generation capacity by 2030 which of course depends on how
quickly the existent technologies (in which the UK has world leading position in PV field)

are translated into working devices [26].

Another example is that of hydrogen generation at low carbon expenditure to develop
green energy from clean fuels which involves a range of interdisciplinary skills and
knowledge in which the modelling, surface science and process engineering among
others play crucial role which beckons towards the role of material science in this aspect
[27].

Research aimed towards the development and characterisation of novel materials
for thermoelectric and caloric energy conversion devices would be another
milestone in this journey of reaching net zero target as research shows the impact
of caloric only to UK heating and cooling is a 50% reduction in energy
consumption. These devices are manufactured using non-polluting, efficient,
reliable, compact and sustainable methods and are meant for refrigeration, air
conditioning, and heating, such day-to-day processes which add up to the energy

demands significantly.

Hence these examples highlight the importance of material science and technology, in
the words of Henry Royce Institute Chair, Baroness Brown of Cambridge (Julia King),
as an “important means in this major energy transition to deliver the disruptive
technologies that will develop the energy-efficient applications and processes, urgently

needed to achieve 2050 net-zero goal’[28].

One thing that is being stressed again and again while looking for the solutions to the
crisis of the time is to use the renewable sources of energy for most of our needs. As of
2021, renewable sources satisfy 15% of the global energy demand which is forecasted
to increase up to 20-30% by 2040 and by 2050 , world should be able to completely

derive energy from the renewables only, hence reaching the net zero target [29].
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Furthermore, what should motivate us to innovate in harvesting the renewable sources
of energy is the fact that the renewable sources are abundantly available in every country,
is cheaper and healthier, creates more jobs. This stresses upon material science and its
role in the process of evolving such materials and design which could render the energy
harvesting devices more efficient and economical. It is due to the innovations facilitated
by the material science that the solar photovoltaic module costs have been reduced by

80% while the wind turbine costs have been reduced by 30-40% [30].

1.3. Climate change and its effect on the renewable sources of energy
Various renewable sources of energy can be identified, the most prominent being

hydroelectric power generation, wind generation, solar power generation, etc. A new line
of research has studied the effect of climate change on these sources themselves which
can be summarised here. One of the most important factors is climate change induced
change in rainfall patterns which in turn affect the river flows and water levels and hence
production. This can also cause changes in precipitation and temperatures which could
have an adverse effect on the moisture level of soil and hence cause run off. Flooding
and intense rains can cause a significant damage to the dams, turbines and crucial
infrastructure. Changes in the air temperature can induce surface evaporation, reduce
water storage and hence power output. This could also lead to the melting of glaciers

which anyway is a serious threat [31].

In the case of wind energy, changes in wind speed can reduce the power generation as
the turbines cannot work in very high or very low winds. The power generation can also
be affected by the daily or seasonal distribution of wind leading to a mismatch between
wind energy input to the grid and daily load demand. Changes in air temperature can
lead to slight declines in air density and hence output. The turbines can be damaged by
the drifting ice. The offshore infrastructure might be damaged by the rising sea levels.
There is a threat of damage to the infrastructure due to the extreme whether events like

hurricanes and storms which could cause the shutdown of the system altogether.

A lot of focus is being given on the solar energy harvesting using the solar PV technology.
However, climate change can pose a serious threat to this avenue as well. Changes in
mean temperature due to climate change could negatively affect the efficiency of the cells
and hence power output e.g. it has been realised that every 0.5% drop in the efficiency
of a solar module is attributed to 1°C increase in temperature [31]. The conductors used

for transporting the electric energy would also face similar situation in terms of their

6
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capacity to conduct the electricity. All of this might increase the operational cost of the
solar modules, hence affecting this technology seriously. Climate change could also cause
changes in solar irradiation by cloudiness, dirt, dust, snow in the atmosphere, thereby
affecting the output power generation. High speed winds, fires, and other extreme

weather conditions can cause damage to the infrastructure.

In spite of these adverse effects of climate change on the renewable sources of energy,
the development and innovation in this sector is very crucial to replace the current
sources of energy and reach the net zero emission goals. Having mentioned these, more
focus can be laid on a well-known classical phenomenon namely thermionic energy
conversion (towards green energy generation) which has a potential of generating
electricity not only using the commonly known sources of renewable energy such as solar
energy but also could generate power from the sources of waste energy found in many
installations on the earth such as nuclear reactors, factories, human bodies, car exhausts,
etc. Furthermore, the thermionic converter devices will have lesser chances of
degradation due to climate changes (as found in case of solar energy converters) due to
their application and scope in diverse areas. For example, a solar panel can be affected
by the adverse climate change which could render it useless, but a thermionic converter

can still be used to harness waste heat from nuclear reactors and other factories.

1.4. Sources of waste heat and their utilisation
Waste heat refers to the energy that is generated in industrial processes and discarded

without being put to practical use. Heat is an outcome of almost every thermal and
mechanical process in the form of hot gases released into the atmosphere, hot by
products released as waste or the heat transfer from the equipment surfaces. Be it the
factories or the home installations, or nuclear reactors, even the human bodies, a
significant amount of heat is lost as waste during the normal activities of the set up. It
has been estimated that 60% of the heat from the nuclear reactors is wasted into the
sea or other water bodies [32]. 20 to 50% of the industrial energy consumption is
released as waste heat [8]. However, most of this waste heat can be recovered and used
by developing proper methodologies and equipment or devices which can capture and
transform this heat into some form of mechanical or electrical work in order to reduce
the burden on energy sources and to make our appliances and industries cost effective.
Some of the sources of the waste heat and their proper utilisation has been mentioned

in the table 1.1 below.
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Table 1.1: Showing sources of waste heat and their proper utilisation. Reproduced with

modlffication from 8]

Waste Heat Source Uses for Waste Heat
e Combustion Exhausts: e Combustion air preheating
Glass melting furnace e Boiler feedwater preheating
Cement kiln e Load preheating

Fume incinerator e Power generation

Aluminium reverberatory furnace e Steam generation for use in:

Boiler Power generation

e Process off-gases: Mechanical power

Steel electric arc furnace Process steam

Aluminium reverberatory furnace e Space heating

e Cooling water from e Water preheating

Furnaces -
e Transfer to liquid or gaseous

Air compressors
process streams

Internal combustion engines
e Conductive, convective and radiative

losses from equipment and products:

Hot cokes

Power generation through thermionic emission could be one of the most efficient and
effective ways of recovering the waste heat from various sources especially from the
nuclear reactors and industrial set ups. The waste heat could be tapped to heat a low
work function emitter that releases electrons which are then collected by a collector with
a lower work function. The bias created in this process drives the load connected between

the electrodes (emitter and collector).

1.5. Diamond as a potential candidate for energy conversion devices
Carbon is the 4™ most common element in our galaxy due to its ease of production in

nuclear fusion reactions. However, it is usually found bonded to other elements in various
organic and inorganic substances. When the atoms of carbon share sp® hybridised
orbitals with each other in a three-fold coordinated structure, materials like graphite and

graphene are formed, however, when these atoms share sp® hybridised orbitals in a ¢
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bond and in a fourfold coordinated structure, diamonds are formed. Diamond has a
tetrahedral structure with face centred cubic (FCC) lattice with a basis of two atoms per
lattice point located at (0,0,0) and (1/4,1/4,1/4) along the unit cell (figure 1.3). Naturally
diamonds are formed deep into the earth’s crust at very high pressures and temperatures.
Due to the innovation and development in the synthetic diamond producing technologies,
an interest has risen in diamonds for their use in various applications such as thermionic
emission, nuclear batteries, radiation detectors, solar panels, heat sinks, etc. This is due
to diamond being a novel wide band gap material and its interesting properties, which
will be discussed in the next section, that enable it to be used in such cutting-edge

applications.

Figure 1.3: The conventional unit cell of diamond where the balls represent carbon atoms,
and the rods represent the bonds between them as outlined in black.

1.5.1. Properties of diamond

Some of the interesting properties of diamond are mentioned in table 1.2. These
properties of diamond are attributed to the diamonds’ stronger sp® bonds and the short
bond length of carbon atoms which results in low compressibility and hence increased
hardness and strength. In fact, diamond is regarded as the hardest material known among
all the 3D materials known at over 130 GPa which makes it useful in various industrial
and surgical tools. Due to its sp® bonds, diamond is chemically inert and hence can be

used in various chemical processes.
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Table 1.2: Key physical and electronic properties of diamond. Reproduced from [9].

Property Value units
Hardness 10000 Kg/mm?
Tensile Strength >1.2 GPa
Compressive strength >110 GPa
Density 3.52 g/cm?
Young's modulus 1.22 GPa
Thermal expansion coefficient | 0.0000011 | /K
Thermal conductivity 20 W/ cm-K
Dielectric constant 5.7 Dimensionless
Dielectric strength 10,000,000 | V/cm
Electron mobility 2200 Cm2/V=
Hole mobility 1600 Cm2/V=*
Band gap 5.45 eV
Resistivity 10 -10" | Q
Electron saturated velocity 27,000,000 | Cm/s
Hole saturated velocity 10,000,000 | Cm/s

The thermal conductivity of diamond at RT is highest at 22 Wem™'K™' compared to 4 Wem'
'K" for copper. This property enables diamond to be used in replacing massive heat sinks
and noisy air coolers in electronic devices and also as a heat spreader to improve
functioning of devices (for example GaN based devices) in power electronics. Particularly,
diamond is very well suited to the high temperature applications, a crucial feature in

thermionics, due to its low thermal expansion coefficient of 1.1 x 10° K.

Diamond is wide band gap semiconductor material with an indirect band gap of 5.45 eV
which allows doping of a number of elements within the diamond lattice in order to derive
many interesting electronic properties from diamond. Diamond is also very resistant to
radiation damage and chemically and biologically inert which makes it useful in various
applications and also as coating in nuclear fusion system and high energy particle

accelerators.
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1.5.2. Types of diamond

Natural diamond

The rarity, hardness, colour and brilliance of diamond has rendered it as one of the most
sought after and attractive material for its use not only in jewellery as diamond is known
to reflect light brilliantly when cut properly, but also in industrial application as tips on
the drills and cutting devices. The natural source of diamond is found in the upper mantle
some 120 to 200 km below the Earth’'s surface where it is formed from the silicate
magma solution at pressures of 4 - 7 GPa and temperatures of 900 — 1350 °C. The fact
that not much of this diamond reaches the surface makes it one of the most expensive

items on the face of earth.
High pressure High Temperature (HPHT) Diamond

Also recognised as one of the forms of synthetic diamond, HPHT process imitates nature
to form diamonds. As the name suggests it uses a very high pressure (5-6 GPa) and
temperature (1300-1400 °C) for the transformation of carbon in graphite to the
diamond. The enthalpy of formation between graphite and diamond actually differs only
by 2.9 kJ mol™, however it is due to the large activation energy barrier of 728 kJ mol™"
(for graphitisation at 110 surface) that the transition from diamond back to graphite is
not possible and hence diamond remains in its meta stable state besides graphite being

a stable allotrope of carbon at a normal temperature and pressure.

These diamond stones are mainly used in industries for cutting and abrasion applications
and also in the labs for the research on diamonds. However, these cannot be used in
jewellery due to the these not being in a shape and also mainly due to the problem of
incorporation of impurities such as nitrogen giving it a yellow colour. Also the diamond
due to their shape cannot be used in other applications such as heat sinks and coatings.
These diamonds have a limited usage in electronic industry as well due to the lack of

precision in controlling the impurities.
Chemical Vapour Deposition (CVD) diamond

A CVD process in which the gas phase reactions at a temperature of 800 °C and pressure
< 0.3 bar deposit carbon atom by atom on the surface of a substrate (molybdenum,
diamond, silicon, etc.) from the radicals ( such as CHs) formed from the gas mixtures that
include CH, as a carbon source and H, to etch away the sp? carbon preferentially over

sp® carbon and hence allow for the growth of diamond. Various methods can be
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employed to modify the quality, purity and orientation of diamond using CVD growth for
example by changing the concentration of carbon source (CH,) between 1 to 4% in H,
that increases the diamond quality and reduces the growth rate. Various dopants or
impurities can be introduced into the diamond lattice by adding gases such as B,H¢ for
boron doping, N, for nitrogen doping, PH; for phosphorous doping, etc. As the CVD
growth is directional, orientation of the growing diamond can be selected by choosing a
suitable single crystal diamond substrate. CVD diamond can be grown using either hot
filament CVD method or by using more advanced and widely used microwave CVD

method which will be described in a later chapter.

1.5.3. Altering the properties of diamond (doping)

Pure diamond intrinsically has a large band gap and behaves as a perfect insulator.
However, its electronic properties can be modified by chemically doping the diamond
crystal with different elements e.g. boron and nitrogen in order to make it p- type or n-
type, respectively, for it to be useful in many device applications. This works by changing
the position of the Fermi level within the diamond as due to doping electronic states are
added within the band gap, hence altering the occupancy of states near the conduction
and minimum (CBM) and valence band maximum (VBM). A p-type doping of diamond is
achieved by using a substitutional boron within the diamond lattice which brings the
fermi level close to the VBM (by creating an acceptor level of 0.37 eV above the VBM)
as a result of which holes can exist within the valence band to carry the positive charge
and hence conduct electricity. In order to make a metallic diamond (i.e. diamond with
conductivity like metals, doping concentration needs to be increased so that the acceptor
level comes very close to the VBM, which otherwise is very deep. Similarly, in case of n-
type diamond which is made by adding substitutional nitrogen or phosphorous into the
diamond crystal. These create very deep donor levels of approximately 1.7 and 0.4 eV,
respectively, below the CBM and hence do not result in electrical conductivity of diamond
at RT. Nitrogen doping is known to cause stress and vacancies in the diamond lattice,
therefore no n-type diamond can be used for device applications like p-n junctions

transistor applications.

1.5.4. Positive electron affinity (PEA) and negative electron affinity

(NEA) on the surface of diamond
Surface properties of diamond have been widely investigated as many interesting

phenomenon occur due to the functionalisation of surface carbon atoms, possessing
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dangling bonds, with various atoms and molecules, called terminating species [33]. A
surface dipole is generated between the surface carbon atoms and the terminating
species due to the difference in the electronegativities. This can result in the shifting of
the electron density towards or away from the surface carbon atoms, hence resulting in
the widely known properties such as negative electron affinity (NEA) or positive electron
affinity (PEA) on the surface of diamond [34]. PEA is defined as the condition in the
electronic structure of diamond when the vacuum level lies above the conduction band
and hence there is a barrier to the electron emission while NEA is the opposite
phenomenon where the vacuum level lies below the conduction level and hence reducing
or eliminating the barrier to the electron emission (i.e. lower WF), due to which the

electrons can easily exit the diamond surface (figure 1.4).

CBM

VBM

(a) (b) () (d) (e)

Figure 1.4: Schematic diagram illustrating the electron affinity and its relation to WF
relative to a fixed vacuum energy level. VB, VBM, CB and CBM indlicate the valence band,
valence band maximum, conduction band and conduction band minimum, respectively.
The fermi level position is dependent upon the doping condition (n doped or p doped).
a) PEA, showing vacuum level in the conduction band, b) true NEA where the vacuum
level is significantly below the CBM, c) true NEA in a p doped material with downward
band bending. d) effective NEA where the downward band bending pushes the CBM
below the vacuum level and e) PEA in an n doped material where upward band bending
has pushed the CBM above the vacuum level. Reproduced from [35].

Common terminations that have been studied as PEA imparting and NEA imparting are
oxygen termination and hydrogen termination respectively. Various metals also have
resulted in PEA and NEA on the surface of diamond. PEA and NEA diamond surfaces have
applications in various emerging fields such as quantum sensing, electrochemical
applications (catalysis, etc.), thermionic emission, radiation conversion and detection,

green energy generation, etc.

13



Sami Ullah University of Bristol, UK

1.6. Application: Diamond in Thermionic Energy Converter (TEC)

devices
Materials with enhanced thermal stability, low work function (WF) (i.e. low barrier to

electron emission), less degradation at elevated temperatures, etc. are an ideal candidate
for TEC devices. In thermionic emission, the thermal energy provides the electrons in the
emitter with the energy to overcome the WF of the emitter. The electrons are emitted by
the emitter and then collected by a cathode through a small gap while creating a self-
bias which drives a load (figure 1.5a). A TEC device normally operates under the vacuum
condition in order to increase the mean free path of the electrons between the electrodes
which otherwise would affect the current negatively. Vacuum also ensures that the

thermal conductance between the electrodes is negligible.
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Figure 1.5: A TEC device which shows an emitter and collector electrode connected
through a load. The heat source and heat sinks are also shown for convenience in
understanding the process. Reproduced from [36],; The basic workings principle of a TEC,
where the heat energy can be supplied through various means to the emitter/cathode,
emitting electrons to drive a load. (b) An enerqgy diagram of a basic TEC in operation,
where J is the current, V is the contact potential, - is the WF, and EF is the Fermi level.
Reproduced with modification from [3].

As shown in the figure 1.5b, the emitted electrons raise the Fermi level of the collector
which leads to the increase in the contact potential difference between the electrodes,
hence driving the current through the load or external circuit [37]. The operating potential
(V) in this device depends on the external load or resistance in order that the current
flowing between the electrodes is equal to the current flowing through the load. The
emitter WF needs to be low enough to emit the electrons at lower energies (red heat)

while the collector WF needs to be further lower in order to accept the electrons that
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might have lost some amount of energy while travelling between the electrodes and also
so that the reverse current or back flow of electrons is reduced [38]. The most important
factor to determine the proper and efficient functioning of the TEC device is keeping a
small gap between the electrodes to reduce V between the electrodes which otherwise
would increase the barrier height for the electrons at the collector side (preventing the
electrons from being collected if V increases) [39]. Another advantage of small gap
between the emitter and the collector electrode is the mitigation of space charge region
which occurs due to the increased concentration of low energy electrons in the vacuum
gap between the emitter and the collector electrode. But if the gap is made too small, it
may be difficult to maintain the temperature difference between the hot and cold side.
The point being that the optimum separation may be material dependent, a larger gap

of hundreds of microns is easier to engineer.

The physics behind the thermionic emission is described by the famous Richardson
Dushman equation (also known as the Richardson or Richardson-Laue-Dushman

equation) [40] which is;

J=AT?eXP(=@/KBT) «.eneeeieeieieiiiieiieie e (1.1)

Here A is the Richardson constant (also called as the emission constant) of the material,
@ is the emitter material WF and ks is the Boltzman constant. From this equation it is
evident that in order to achieve thermionic emission at a lower temperature material with
lower WF are needed, due to the exponential nature of the term (—=¢/kBT). In the past
TECs had been used for certain space programs with operating temperatures in excess
of 1500 °C [41]. The research in TECs had been eclipsed by the advances in other
alternative technologies such as photovoltaics and thermoelectric. However, recent
advances in wide band gap material such as diamond have shown that a significant
amount of thermionic emission can be achieved from the diamond as an emitter material
in a TEC device, at a low temperature of 600 °C which has renewed the interest in TECs
[42—47]. This feat has been attributed to the lowering of WF of diamond due to doping

and surface termination using various elements such as H, Li, Cs, etc.

These devices have many advantages over other power generating devices some of which
are their simple design, compact size, lack of moving parts, and high theoretical efficiency.
The thermal energy could be provided by a wide spectrum of sources for example solar

energy, nuclear energy, burning fuel, or waste heat from many other sources like human
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body and car and industrial exhausts. Hence a wide scope for this type of utilisation or

devices is possible.

1.7. Thesis outline
The theoretical and experimental investigation in this thesis are intended to study tin and

tin monoxide (SnO) along with its heterostructure with lithium oxide as a stable and
efficient surface dopant or termination of diamond for producing enhanced materials for

electron emission in thermionic energy convertor devices.

Chapter 2 discusses the overall literature survey around the topic. It builds the case for

tin based surface terminations of diamond.

Chapter 3 discusses various theoretical techniques for studying such terminations and
also discusses experimental techniques for the deposition and characterisation of tin

based terminations on diamond.

Chapter 4 discusses the theoretical results on tin and tin oxide based termination of
diamond using density functional theory (DFT) performed on Cambridge Serial Total
Energy Package (CASTEP) program, establishing the potential of tin as a NEA imparting,

WF lowering and stable termination of diamond.

Chapter 5 discusses the initial results shedding light on the behaviour of lithium on the
surface of oxygen terminated diamond at elevated temperatures. These form important

part in studying the tin and lithium oxide based heterostructure of diamond.

Chapter 6 discusses the experimental results on tin oxide and tin/lithium oxide based
heterostructure termination of diamond (100) evidencing the early theoretical results and
also establishing the possibility of forming an more efficient heterostructure based

termination on diamond.

Chapter 7 concludes the main and important outcomes of the thesis along with
identifying the problems associated with this research area, hence, laying a foundation

for the future investigation into this research area.
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Chapter

Background

Summary
This chapter describes the background, current state of the art and the importance of this piece

of research. The novelty of the work has also been described. It has been discussed how tin
could be a sustainable solution to the problems associated with the efficient and effective
terminations of diamond surface for low work function applications. The ‘novel’
heterostructure termination based on alkali and heavy metal alloys on the surface of diamond
and their potential properties have been discussed to lay a stress on this type of study. Most of

the material has been taken from the papers:

1. S. Ullah, L. Cullingford, T. Zhang, J.R. Wong, G. Wan, M. Cattelan, N.A. Fox, "An investigation into
the surface termination and near-surface bulk doping of oxygen-terminated diamond with lithium at
various annealing temperatures”, MRS Adv. (2021). pdf [doi: 10.1557/s43580-021-00060-x].

This manuscript was written through contributions of all authors as mentioned below. All authors have
given approval to the final version of the manuscript.

2. S. Ullah, N.A. Fox, "Modification of the Surface Structure and Electronic Properties of Diamond
(100) with Tin as a Surface Termination: A Density Functional Theory Study", J. Phys. Chem. C 125
(2021) 25165.

This manuscript was written through contributions of all authors as mentioned below. All authors have
given approval to the final version of the manuscript.

3. S. Ullah, G. Wan, C. Kouzios, C. Woodgate, M. Cattelan, N.A. Fox, "Structure and electronic
properties of Tin monoxide (SnO) and lithiated SnO terminated diamond (100) and its comparison with
lithium oxide terminated diamond", Appl. Surf. Sci. 559 (2021) 149962.

This manuscript was written through contributions of all authors as mentioned below. All authors have
given approval to the final version of the manuscript.

Sami Ullah: Investigation, Methodology, Conceptualization, Software, Visualization, Writing -
original draft. L. Cullingford: Investigation, Validation. T. Zhang: Investigation, Validation. J.R.
Wong: Investigation, Validation. Gary Wan: Validation, Resources, Writing - review & editing.
Christos Kouzios: Investigation, Writing - review & editing. Cameron Woodgate: Investigation,
Validation. Mattia Cattelan: Conceptualization, Resources, Data curation, Writing - review &
editing. Neil Fox: Writing - review & editing, Supervision, Funding acquisition.
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2.1 Literature Survey
The 21* century has seen a huge demand placed on energy sources to provide for daily

consumption which cannot currently be fulfilled by renewable sources forcing a reliance
upon fossil fuel alternatives. One way of mitigating the burden on limited renewable
sources of energy is to produce materials with low WF. Using these materials in energy
harvesting technologies that produce electrical power from heat would allow such
systems to be efficient enough to be integrated into concentrated solar thermal power
generation plants to help deliver more generating capacity at lower cost electricity. One
such technology is the Thermionic Energy Converter (TEC) that uses the temperature and
WF differences between a heated and cooled electrode pair configured in a vacuum
enclosure, to generate a DC high current, low voltage output [35, 48]. Synthetic diamond
is an ideal electrode material due to its chemical stability and ability to engineer its

surface electronic properties through functionalisation with elemental species [49, 50].

Tuning of the electrical properties of diamond by controlled surface doping of elements
like oxygen, nitrogen, lithium, sodium or boron [51, 52] has multiplied the interest in
diamond technology research for novel applications including, thermionic emission,
catalysis, quantum sensing, etc. [35, 53]. A key goal for diamond-based TEC devices
would be the demonstration of low temperature, high current thermionic emission. This
should be possible by engineering certain diamond surfaces to exhibit NEA which
promotes enhanced surface electron emission [46, 54-57]. NEA exists when the vacuum
level lies below the conduction level in a semiconductor material, hence a negligible
energy barrier to electron emission. The existence of NEA on the surface of diamond has
been attributed to the formation of a surface dipole between surface carbon atoms and
the terminating species [57]. The terminating species need to be a more electropositive
atom or a group relative to the surface C atoms because of which the electron density
shifts towards more electronegative C atoms and hence NEA. Achieving NEA in narrow
band gap semiconductors is difficult but in wide band gap semiconductors, such as
diamond, due to the natural proximity of the vacuum energy level to the CBM, any suitable
surface termination changes the surface dipole in such a way that the CB lies above the
vacuum level. The existence of true NEA, where CBM at the surface is higher than the
local vacuum level, £,.., is crucial for achieving significantly higher electron yield, which
is desirable in applications like current amplifiers, vacuum electronics, thermionic
converters, and even new forms of photo- chemistry [58]. True NEA can be differentiated

from the effective NEA as in the latter case the CBM at the surface is very close to the
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vacuum level which qualifies it for the positive electron affinity (PEA), however, due to
sufficient downward band bending towards the surface deep in the bulk of the material,
the CBM is above the vacuum level. This encourages the tunnelling of electrons from the
CBM into the vacuum region without encountering a barrier if the space charge region is

narrow enough [59].

Also, the induction of NEA leads to the reduction in the ionisation energy, a feature which
is very critical for surface transfer doping application used in many diamond based
electronic devices. Moreover, diamond has also been explored as an important material
in a quantum sensing application due to the discovery of various elemental vacancy
centres in it. Nitrogen and silicon vacancy centres with negative charge (as NV- and SiV’)
have been explored in detail in different types of diamond material e.g., nano diamonds
etc. as candidates of interest for such applications. NEA would neutralise the negative
charged NV and SiV" species, hence giving rise to the need of having a positive electron
affinity diamond surface (PEA) which can preserve the charge state of vacancies in the

diamond [53].

Various atoms or groups have been investigated as a potential PEA and NEA terminating
species to the diamond surfaces with various orientations. The most common PEA and
NEA imparting atoms that have been researched widely are oxygen (O) and hydrogen (H),
respectively [60-61]. O terminated diamond (OTD) surfaces have been researched widely
as a PEA imparting surface termination [57]. Many processes with diamond as simple as
acid washing results in the O surface termination of diamond [62]. Experimentally O has
been seen to occupy a mix of both the ether and the ketone (carbonyl) position.
Theoretically ether terminated diamond has been found to be the most stable form of
OTD as has been found in this work as well. OTD has been seen to possess a PEA of up
to 2.7 eV and 3.8 eV with large adsorption energies per atom in case of ether and ketone
terminations, respectively [61, 63-64]. Experimentally, the PEA value of 0.89 eV per atom
for oxygen terminated diamond has been reported [5]. This has resulted in O being
studied as potential candidate in quantum sensing and electrochemical applications
along with other elements like boron [10, 65]. H termination of diamond has been found
to possess an NEA of -1.96 eV theoretically and -1.3 eV experimentally [10, 66-67].
However, hydrogen has been seen to desorb at elevated temperatures greater than 700
°C which makes it challenging to use in a diamond TEC device that needs to be designed

to withstand repeated cycling to temperatures that approach or exceed this temperature.
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Many alternatives, involving a monolayer or sub-monolayer coverage of some
electropositive group | or Il metals have been proposed [68-69], as well as first row
transition metals (TMs) [70-71] on bare and oxygenated diamond surfaces. Transition
metals like Cu, Ti, Ni and Co metals have been found theoretically to impart NEA to the
diamond surface however their ability to do so depends upon the ease with which they
form a carbide on the diamond surface and for which only Ti and V have been able to
show higher NEA value than others [50-72]. Most of these metals, however, do not form
a stable monovalent bond with carbon which was solved by using an oxygen terminated
diamond (OTD) surface instead of a bare diamond surface. The key here being to induce
stronger bonding between the metal layer and the underlying diamond surface and hence
a large surface dipole. Alkali metals like Na, K and Li have been explored as potential
terminations on diamond surfaces. Petrich and Bennedorf found a much higher sticking
coefficient and hence a prospect of stronger bonding of K on oxygen terminated diamond
than on hydrogen terminated diamond [73]. In other words metal oxygen and carbon
oxygen bonds have been found to be stronger and more stable than metal carbon bonds
[74-75]. James [76] has theoretically demonstrated Al termination of 1 ML on the surface
of diamond with an adsorption energy (E.) value of - 4.11 eV and NEA of - 1.47 eV. A
larger value of adsorption energy (E.), - 5.24 eV with an NEA of - 1.36 eV, was obtained
with Al termination of 0.25 ML on the OTD. Cs-O terminated diamond surface has been
found to possess a very low WF of ~1.5 eV but despite this it is highly unstable due to
the loss of Cs above 400 °C [68]. As mentioned before, stable low WF surfaces in
thermionic emission devices are required to work at higher temperatures. Kane M
O'Donnell [77] was able to demonstrate air stable lithium (Li) -O terminated NEA diamond
surface successfully with controlled atomic layer coverage and stability at 800 °C.
However, in this work it is found that Li desorbs at 800 °C along with most of the oxygen
from the diamond surface [5], which demands investigating methods to increase the
stability of Li on the surface of diamond. One such method is to explore a suitable metallic
termination on the diamond surfaces which can render Li adsorption on the surface of
diamond more stable at higher temperatures and help in decreasing the WF further for
thermionic emission. Moreover, Li is unstable in ambient environment and hence not
suitable for device formation. Li atoms have been found to enter the near surface bulk of
diamond at elevated temperatures and hence alter the bulk properties of diamond which

affects the surface properties as well [4]. These issues demand an investigation into a
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sustainable and stable metallic termination of diamond which could impart NEA to the

diamond surface and lower WF along with being eco-friendly and inexpensive.

Recently, the formation of Si and Ge terminated diamond surfaces have also been
investigated. Alex Schenk [78, 79] has demonstrated the Si terminated diamond (100)
surface with a two domain 3% 1 reconstruction. This has resulted in an NEA of - 0.86 *
0.1 eV. However, Si terminated diamond is unsuitable for the ambient environment due
to its high reactivity and any application in the atmospheric environment would need a
protective SiO, coating on the top. A similar structure has been obtained with Ge
terminated diamond with a maximum coverage of 0.63 ML which has resulted in an NEA
of - 0.71 eV as shown by Michael J Sear [80]. A novel termination that we explore in this
study is tin (Sn), an element in the same group as C, Si and Ge, that has largely been
ignored as a potential candidate for the studies on metal and metal-oxide termination on
the diamond surface. It is widely known that SnO is a capable and promising p-type
semiconductor with an experimentally-measured, indirect bandgap of only 0.7 eV [81]
and a direct energy gap that ranges from 2.5 to 3 eV [82], Sn is naturally abundant, non-
toxic in nature and hence doesn’t pose any immediate threat to the environment unlike
other metals. A Sn vacancy has been found to be the main source of p-type property of
SnO which can be altered by proper doping. On top of that Sn, alloyed with alkali metals
(Li, Na, etc.) in a specific stoichiometric ratio has been found to possess ultra-low WF in
bulk form, for example, bulk Sn,Lis has been found to possess a WF of 1.25 eV [83].
Investigation like this at thin film level on the surface of diamond with an intention to
develop ultra-low WF surface for energy application would open a new chapter into the
diamond-based surface science and technology and would potentially bring a remarkable

achievement in this area, which is one of the motivations behind this thesis.

Also, Oxide-based 2D materials have been found to be dynamically stable and less
susceptible to degradation in air [84-85]. Li intercalation into tin oxide (SnO,) as an active
electrode material for metal ion batteries has been widely studied in theory and
experiment [86-87]. It has been found that lithiation of pristine SnO layers results in the
formation of stable layered Li,O structure. The expelled Sn atoms form atomic planes to
separate the Li,O layers [88]. The formation of such stable structures on the surface of
diamond and the interaction of SnO, with the diamond surface carbon atoms is an
interesting area to investigate with the goal being to demonstrate a highly stable and

temperature resistant, NEA imparting termination on the surface of diamond.
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Chapter

Materials, Equipment and Methods

Summary
This chapter introduces the basic techniques and equipment (facilities) used to conduct the

research presented in this thesis. The computational techniques using CASTEP program on
the University of Bristol’s supercomputer Blue Crystal 4, have been described in detail. The
experimental techniques including deposition methods, characterisation tools are also
detailed. The advanced spectroscopic techniques on a high end platform such as NanoESCA
at the University of Bristol, UK, along with the experimental thermionic test equipment used
to evaluate functionalised diamond are described. Some of the material has been taken from
the papers:

1. S. Ullah, L. Cullingford, T. Zhang, J.R. Wong, G. Wan, M. Cattelan, N.A. Fox, "An investigation into

the surface termination and near-surface bulk doping of oxygen-terminated diamond with lithium at
various annealing temperatures”, MRS Adv. (2021). pdf [doi: 10.1557/s43580-021-00060-x].

This manuscript was written through contributions of all authors as mentioned below. All authors have
given approval to the final version of the manuscript.

2. S. Ullah, N.A. Fox, "Modification of the Surface Structure and Electronic Properties of Diamond
(100) with Tin as a Surface Termination: A Density Functional Theory Study", J. Phys. Chem. C 125
(2021) 25165.

This manuscript was written through contributions of all authors as mentioned below. All authors have
given approval to the final version of the manuscript.

3. S. Ullah, G. Wan, C. Kouzios, C. Woodgate, M. Cattelan, N.A. Fox, "Structure and electronic
properties of Tin monoxide (SnO) and lithiated SnO terminated diamond (100) and its comparison with
lithium oxide terminated diamond", Appl. Surf. Sci. 559 (2021) 149962.

This manuscript was written through contributions of all authors as mentioned below. All authors have
given approval to the final version of the manuscript.

Sami Ullah: Investigation, Methodology, Conceptualization, Software, Visualization, Writing -
original draft. L. Cullingford: Investigation, Validation. T. Zhang: Investigation, Validation. J.R.
Wong: Investigation, Validation. Gary Wan: Validation, Resources, Writing - review & editing.
Christos Kouzios: Investigation, Writing - review & editing. Cameron Woodgate: Investigation,
Validation. Mattia Cattelan: Conceptualization, Resources, Data curation, Writing - review &
editing. Neil Fox: Writing - review & editing, Supervision, Funding acquisition.
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3.1 Introduction
Various theoretical and experimental methods were employed in this study which will be

described here. The computational method employed to investigate the diamond surface
termination was density functional theory (DFT) performed using Cambridge Serial Total
Energy Package (CASTEP) program [89]. The practical experiments first required sample
diamond substrates to be cleaned, oxygen terminated, and subsequently exposed under
Ultra High Vacuum (UVH) to metal depositions with sub-monolayer thicknesses to
generate a functionalised diamond surface. The prepared surfaces were characterised
using Spectro microscopic techniques using a Scienta Omicron Nano-ESCA Il platform.
Further material characterisation was carried out using multi-wavelength Raman
Spectroscopy (Renishaw 2000). Measurements of the electron emission properties of the
functionalised diamond at elevated temperatures was performed using a home-built
laser-heated vacuum test rig. This chapter will describe each piece of equipment in detail
and shed light on the process of material deposition and characterisation using such

equipment.

3.1.1 Computational modelling using DFT
The modelling of diamond surface was done using CASTEP program [89-90] on Blue

Crystal 4 super computer of the University of Bristol, UK. Theoretical modelling is
performed with an intention to easily characterise a material which is difficult to produce
experimentally and to supplement experimental data for advanced understanding. So, the
idea is to perform first principle (ab initio) electronic structure calculations using the
physical constraints such as the position of nuclei and the number of electrons. The
outcome of any theoretical investigation is usually in the form of physical structure (such
as atomic structure, bond lengths, strengths, etc.) or electronic structure (such as band
structure, WF, etc.) which is crucial to understand the material properties and behaviours
[9]. DFT is designed to perform the energy minimisation to calculate the ground state
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energy within a material, where the ground state can be found by converging the
calculations through iterative steps to establish the lowest energy of the material system.
A well converged calculation is defined as one in which the solution derived numerically
can be considered as an accurate approximation of the true solution of the mathematical
problem posed by DFT with a specific exchange — correlation functional to correct the
kinetic and potential energy by summing up all the quantum mechanical interaction

effects on the system.

3.1.2 Density functional theory (DFT)

A physical system is usually a combination of electrons and nuclei, and any investigation
demands studying the interaction among these electrons and nuclei belonging to various
elements/molecules. Generally, Schrodinger’s equation is used to quantify the energy of
the physical system which requires various types of approximations and simplifications
to be made to reduce the time needed to perform the calculations. The Schrodinger

equation consists of various terms and can be written as;

+ =B  secsensesssamess  (3-1)

' \ 4 Interaction energy

Kinetic Energy | interaction energy between between different
each electron and the electrons

collection of atomic nuclei

So, the total energy is an outcome of the sum of the totality of the kinetic energy of the
particle and the different interactions such as nuclear - nuclear, electron - nuclear, and
electron - electron coulombic interactions which form part of all the quantum mechanically
non interacting effects. It also includes a factor of exchange and correlation functional

(XC) which includes all the quantum mechanical interaction effects or the corrections to
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the kinetic and potential energy. Since energy is a functional of electron density and XC
functional is a part of energy, hence XC functional is dependent on electron density
distribution. In order to exclude the nuclei-electron interactions and to simplify the
electronic wavefunction calculation, the Born-Oppenheimer approximation [91] is used
which assumes that the electronic motion and nuclear motion in molecules can be
separated hence leading to a further assumption that the electronic wave function
depends upon the nuclear positions but not upon their velocities as the nuclei are too
heavy that they can be considered to be fixed. The core electrons are treated as fixed
potentials, also referred to as pseudopotentials [92], due to the strong interaction of the
core electrons and the nuclei which makes them behave independently in the chemical
environment. This makes valence electrons the only potential candidates while solving
the Schrodinger equations as the valence electrons would be the ones participating in
any chemical interaction. The simplest form of exchange correlation interaction is Local
Density Approximation (LDA) [93] in which the exchange correlation energy at each point
in the system equals that of an uniform electron gas of the same density. LDA based
calculations yield bond lengths and thus the geometries of molecules and solids typically
with an astonishing accuracy of 1% [93]. The LDA was previously expected to be useful
only for densities that are varying slowly however, practically LDA has been found to give
extremely useful results for most applications. That being mentioned LDA is not suitable
to calculate the energies and it drastically fails in situations where the density undergoes
rapid changes such as in molecules. In order to be more accurate instead of
homogeneous electron density, gradually changing density with space (the density
gradient), called as Generalised Gradient Approximation (GGA) [94], was considered. In
this case the XC functional depends upon both the electron density and the density
gradient. GGA was used in the experiments reported in this thesis, as the exchange
correlation potential for the system where a revised version of the Perdew-Burke-
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Ernzerhof functional [94] was used. Some of the common disadvantages of DFT in general

are:

a) DFT makes accurate predictions about the ground state properties however, the

predictions made about the excited state properties are not similarly accurate.

b) Another very well-known inaccuracy with the GGA functional is the underestimation of
calculated band gaps in semiconducting and insulating materials. In some situations, even

larger than 1 eV error has become obtained.

c) DFT calculations cannot compensate for the inaccuracy caused by the weak Van der

Waals (VdW) attractions that exist between atoms and molecules [95].

The CASTEP program uses a plane wave basis set with a defined maximum cut off energy
to build the electron density. In order to approximate the electron density by sampling
the K points over the Brillouin zone, a Monkhorst Pack (MP) grid [96] is used. For the
calculation, Bloch’s theorem demands forming an infinite crystal which is made possible
by repeating a unit cell. The factors that determine the accuracy of the calculation are
plane-wave energy cut-off, MP grid density and size of the unit cell, increasing these

would cost the computational power and time.

In order to perform the actual calculations, a diamond slab is created (using software
such as Vesta) from the sp® bonded C atoms, with a similar surface on each side of the
slab. A wide and sufficient vacuum gap is made to exist between repeating slabs
perpendicular to the slab surface. The slab thickness and the vacuum needs to be

optimised before running the calculations.

CASTEP geometry optimisation output reveals information about the enthalpy, forces and
bond positions for each iteration performed on a slab whose dimensions, lattice

parameters and atomic positions along with symmetry operations are clearly indicated in
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the input files. Mulliken bond populations [97] and charges are also outputted which help
in determining the bonding structure between the species. One dimensional Electrostatic
Potential (EP) can be generated with an in-built function “pot1d” which in our case
outputted the electrostatic potentials, a combination of Hartree potential (Coulombic) and
the local part of the pseudopotential, perpendicular to the surface of the diamond slab.
Density Of States (DOS) calculations were performed using the OptaDOS code [98] with
adaptive broadening method and a DOS spacing of 0.07 eV to sample the Brillion zone.
All calculations were performed on the University of Bristol's Blue Crystal 4

supercomputer.
Adsorption Energy (E,) Calculation

Adsorption energy [99] was calculated using equation;

ET - EO - (NA X Eiso,A + NB X Eiso,B) (3 2)
Y = 7 .
T

Where Eris the energy of the diamond slab with adsorbates, £,is the energy of the bare
diamond surface, A, and Aj are the number of adsorbates A and B, £, and £,z are the
energy of A and Badsorbates and N is the total number of adsorbates. Negative sign of

E, indicates the exothermic reaction by convention.

Electron Affinity (EA) Calculations

Electron affinity (x) is determined from the lonisation energy () which is calculated using

the method of Fall et. al. [99], as shown in equations;
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where £, is the experimental band gap (5.47 eV) used in this equation due to a well-
known problem of underestimation of the band gap of diamond by gradient
approximation (GGA) method. The energy difference between the vacuum potential and
the average potential in the middle of the slab where the diamond is ‘bulk-like’ (V.. — V.,
sa), 1S determined by performing the electrostatic potential calculation on the slab as

shown in figure 3.1.

" (Vvac - Vav,slab) ‘

Figure 3.1: An example of the electrostatic potential graph of diamond taken
perpendicular (in the z-direction) to the diamond slab.

The energy separation between the average electrostatic potential energy in the bulk and
the bulk valence-band maximum is represented by (Vismpux — Vavoui). This is obtained by
performing a band structure calculation on bulk diamond. By convention, the sign for the
ionisation energy is positive. However, this difference has been calculated previously as

10.52 eV [100].

o

M. C. James et. al. [1] states “...... DFT calculations are generally overestimating the
magnitude of EAs compared with experimental measurements. Contributing factors for
this discrepancy could be approximations in the DFT method, or the imperfect nature of
experimental surfaces, such as an incomplete coverage of terminating species or a spatial
variation in WF from a non-flat surface”. Our main aim in this study would be to
demonstrate the trend in the NEAs with different coverages and configurations of Sn on
bare and OTD.
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3.2 Methods

3.2.1 Diamond preparation
Diamond can be grown on certain suitable substrates such as molybdenum, silicon or

even various types of diamond substrates itself, for example Single Crystal Diamond
(SCD) and Poly Crystalline Diamond (PCD). The substrates need to be thermally stable at
the growth temperatures and possess a thermal expansion coefficient similar to diamond

so that the (diamond) thin films do not delaminate after the growth.

In order to proceed with the diamond growth, the non-diamond substrates (molybdenum
and silicon) are initially seeded with nanodiamonds by submerging the clean substrates
in a 25 % carboxyethylsilanetriol di-sodium salt solution in water (Fluorochem, 17191-
40-7) for 5 minutes ensuring a full coverage, for growth uniformity [101]. Later the
substrate is removed, and the excess solution is removed by rinsing in Milli-Q water
thoroughly, leaving only a single layer of coverage which is then dried using compressed
air. The dried substrate is then submerged into a suspension containing nanodiamonds
(~6 nm) which are electrostatically attracted to the salt on the substrate. These
nanodiamonds cover the surface of the substrate which is then removed, rinsed in water
and dried. Diamond can also be grown on diamond substrates homoepitaxially in which
a choice can be made from SCD or PCDs of various dimensions, for example in this work,
undoped SCDs of dimension 3 mm X 3 mm X 0.25 mm were used. Before starting the
actual growth, these diamond substrates are cleaned to remove any residual metallic
particles resulting from the mechanical polishing, using a solution of aqua regia, prepared
by addition of 2.5 mL HNO; (69%) to 7.5 mL HCI (37%) or a fuming mixture of H,SO,
and HNOs for a few hours (< 4 hours) [62, 57]. The substrates are then removed and
rinsed with de-ionised water and isopropanol. A point worth mentioning here is that the

acid cleaning results into oxygen termination of diamond surface and hence is considered
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as an efficient and easy way to functionalise diamond with oxygen [1]. The substrates
(both non- diamond and diamond) are then installed into various types of deposition
chambers in CVD systems for diamond growth, cleaning and surface termination as well.
The two most common CVD methods used generally in this research area and specifically
for this work were hot filament CVD (HF CVD) and micro-wave CVD (MWCVD) as

described in the next section.

3.2.2 CVD systems

The growth of synthetic diamond thin films for use in this research work was carried out
using two different types of growth reactor, a hot filament CVD system for boron-doped
diamond growth and a microwave plasma-assisted CVD reactor for intrinsic and nitrogen-

doped diamond growth.
Hot filament CVD

A typical hot filament CVD system is shown in figure 3.2 and consists of a reaction
chamber connected to a set of vacuum pumps to control the gas environment along with
gas inlets, connected through gas mass flow controllers, and outlets, ensuring gas supply
and exhaust. A demountable heating stage consists of a molybdenum substrate holder
located 4 mm beneath three 0.25 mm diameter tantalum wires (filaments) that are spring
loaded to stay taut. For boron doped diamond (BDD) layer growth, HPHT boron doped
single crystal diamond (purchased from Element Six (145-500-0248 and MM 111/4010)
substrate is placed in a central position on the sample stage and Ta wires are tightly
connected. The heating stage is carefully lowered into the chamber which is then pumped
down to 90 mTorr pressure. The sample stage is heated to a temperature of 120 °C for
30 minutes for de-gassing the adsorbates by passing a 4A current from an external

power supply through the wires.
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Figure 3.2: (a) One of the hot filaments (HF) CVD reactors. (b) The interior setup of the
reactor. Adopted from [1] (c) Schematic showing the process gases being dissociated
with a heated filament in Hot filament CVD (d) Schematic showing a linear antenna-style
microwave plasma CVD with an antenna that tunes the microwave radiations to form a
plasma above the substrate. Adapted from May [2]

Boron doped layer is grown using a gas mixture comprising H,, CH, (both Air Liquide,
Ltd) at a flow rate of 200 and 2 standard cubic centimetres per minute (sccm),
respectively, i.e., 1% CH, in H;, and 5% B,Hs in H, (BOC Group, plc) with a flow rate of
0.1 sccm for epitaxial B-doped layers on single crystal diamond. The Ta filament wires
are supplied with a 25 A current at a voltage of ~ 9 V at which these wires get carburised
by reacting with CH, and hence become brittle and unsuitable beyond one use. With
carburisation, the voltage slightly increases to ~11 V as the resistance increases. The
treatment is carried out for 60 minutes at a pressure of 20 Torr and a temperature of

~2300 K which enables a deposition of a good quality diamond thin film at a growth
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rate of ~0.5 um h™'. BDD overlayers grown in the same reactor under the same conditions
have previously been shown to contain a boron concentration of up to ~10*° cm?,

measured from a depth profile using secondary ion mass spectroscopy [102].
Micro-wave CVD

Diamond can also be grown in microwave plasma enhanced CVD reactor (Applied Science
and Technology (ASTeX)-type) with a vacuum chamber in which the gas is fed through
mass flow controllers (MFC) and while the exhaust ports at the bottom are connected to

a vacuum pump through an electrically controlled valve as shown in figure 3.3.

Microwave
pa el Quartz
a f NG window
% Plasma
|
Exhaust
A Na— —~
DIE HE
CH,N L
~______~ Substrate

Figure 3.3: A sketch and a photograph of the microwave plasma enhanced CVD reactor.
It shows the process of plasma generation from the reactant gases above the substrate
for CVD of diamond. Adopted from [3]

A magnetron generates microwaves of 1500 W power which are transmitted by an
antenna above the chamber. These microwaves travel through a quartz window into the
chamber. The thermal energy/heat and the radicals needed for the diamond growth are
provided by the plasma directly above the substrate. the combined effect of microwave
power and the chamber pressure control the substrate temperature which can be
monitored using single colour (A = 2.2 ym) optical pyrometer (Thermalert SX, Raytex).

The substrate is placed inside the chamber on a tungsten disc which is separated from

the floor of the chamber using a molybdenum ring. This ring enables the thermal contact

32



Sami Ullah University of Bristol, UK

of the substrate with the water-cooled base plate to be adjusted to achieve the desired

growth temperature at the substrate surface facing the microwave plasma.

Typical diamond growth conditions include a substrate temperature of 850-900 °C, a
chamber pressure of 130 Torr for a period of 15 min along with a gas mixture 4 % CH,
diluted in H, for undoped diamond growth, with an additional 4 ppm of B,H¢ for boron
doping. However, we have used microwave CVD to clean the diamond surface along with
hydrogen termination using a pure hydrogen plasma. The whole process involves a
cleaning step of 2 min at 900 °C (~ 1200 W, ~ 85 Torr) followed by another 2 minutes
of exposure at 500 °C (~ 700 W, ~ 35 Torr). After this the substrate is let cool down for
another 2 minutes at RT under hydrogen gas exposure without plasma. This method has
resulted into stable H termination and better coverage than other methods such as by

using DC sputter coater etc.

3.2.3 Surface terminations
The functionalisation of diamond is a central topic of this thesis involving the generation

and study of PEA and NEA on the diamond surface. The output of this work is applicable
to the improved operation and performance of radiation conversion devices (diamond
voltaic), diamond electrodes for photothermal electrocatalysis, quantum sensing (as PEA
surfaces help in retaining the negative charge state of the nitrogen vacancies (NV°) and
silicon vacancies (SiV) while NEA nanodiamond surfaces covert these to neutral
state[103]). Surface terminations of diamond were carried out as follows: Hydrogen is
used to clean, and H terminate the diamond surface as described in the previous section.
Diamond (100) surface was oxygen terminated using an ozone cracker. The sample sits
on the tray with the workable surface facing upwards inside the cracker and the device

runs for 30 minutes to render the surface oxygen terminated by UV-ozone treatment.

33



Sami Ullah University of Bristol, UK

Another method is to oxygen terminate the diamond surface or supplement the oxygen

termination at UHV conditions on NanoESCA facility by using the gas cracker.

Metal termination of diamond was carried out using physical vapor deposition (PVD)
techniques such as E beam deposition and thermal evaporation for tin and lithium
deposition, respectively which was done in a deposition chamber at a vacuum of ~107°

mbar, mounted on the NanoESCA facility at the University of Bristol, UK.

3.3 NanoESCA Facility
Bristol Ultra-quiet NanoESCA Laboratory (BrUNEL) at the University of Bristol's Centre for

Nanoscience and Quantum Information (NSQI) has a NanoESCA [104] facility sitting on a
28 tonne keel slab supported on pneumatic jacks as shown in figure 3.4 (a). The system
consists of two ultra-high vacuum (UHV) chambers. One of these is configured with multi
source X-ray photoelectron spectroscopy (XPS), Spot profile analysis- Low energy
electron diffraction (SPA-LEED) and preparation tools including plasma etching and
thermal annealing. A fast entry load lock is used to load samples into this UHV chamber
for analysis. A second load lock allows a vacuum suitcase to be connected for sample
transport under UHV. Additionally, this chamber is linked to the second chamber that is
configured with a NanoESCA |l analyser and VUV light sources. Samples that are
transferred into the NanoESCA chamber are mounted on a five axis, sample manipulator
that can be operated between 30K and 650K. A deposition chamber (pressure of ~107°
mbar), where deposition of various metals and gas on the substrate surface is carried
out, is connected to the vacuum suitcase port. These chambers each with different
instruments attached are all interconnected under UHV enabling sample preparation and
surface analysis with different tools to be performed under the same conditions, typically

~ 10™"" mbar (figure 3.4 (d)).
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(b) Gas cracker
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Figure 3.4: a) Shows the whole NanoESCA facility sitting on a 28-tonne keel slab
supported on pneumatic jacks on concrete. b) Shows the preparation chamber or part of
the facility while c¢) shows the NanoESCA or EF- PEEM side of the facility. d) Schematic
shows the main parts of the NanoESCA facility in which a deposition chamber (pressure
of ~ 10° mbar), a preparation chamber (pressure of ~ 107" mbar) and NanoESCA
chamber (pressure of ~10"" mbar) are shown to be connected through a fast entry load
lock (FEL) (with a pressure of ~ 10° mbar) and various valves. Adopted from [3]

3.4 Deposition Technigques
The deposition of metals along with other sample preparation and modification processes

are carried out in a deposition chamber at ultra-high vacuum (UHV) (figure 3.5). It consists
of a wobble stick to bring the sample into the chamber from a FEL through mechanically

controlled valves. A manipulator which is retractable and rotating acts like a joystick and
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has a heating stage attached to the sample holder which can be made to face desired
metal sources inside the chamber. A quartz microbalance is there to measure and
optimise the thin film deposition of various metals while gas crackers, connected to
external gas sources, are there to provide atomic gas exposure for surface modification.
Physical vapour deposition (PVD) with e beam and thermal evaporation was carried out
in this project to sub-monolayers of selected metals on the surface of diamond along

with oxygen cracking to supplement the oxygen concentration on the surface of diamond

(100).

Gas inlet and sputter gun

Quartz crystal microbalance

Gas cracker

Rotating manipulator with heater

Wobble stick

Electron beam evaporator

lon getter pump

Pressure gauges

Turbo pump

Figure 3.5: A labelled photo of the deposition chamber installed on the NanoESCA facility
at the University of Bristol, UK. [3]
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3.4.1 Physical vapour deposition (PVD)

This is a process in which a metal is vaporised from a condensed bulk phase using
different techniques like electron beam or heat and later made to deposit on a substrate
placed at a small distance from it into a condensed thin film phase. PVD techniques which
have been used in our experiments are thermal evaporation using e-beam heating for tin
deposition and direct current (ohmic) heating for lithium deposition. All PVD processes
are carried out at high vacuum conditions (~10° mbar). The rate of deposition is
measured and optimised using a Quartz microbalance with a precision of 1 A thickness,
placed in front of the crucibles/sources containing these metals. Later the microbalance
is removed from the way and the substrate is brought in using a joy-stick type

manipulator.
Lithium evaporation using thermal evaporation technique

In thermal evaporation by direct current or ohmic heating technique, the metal placed in
a crucible is simply heated to the point when it starts vaporising after properly calibrating
the current needed to bring about the point of vaporisation. The evolved metal vapour
is directed to a substrate placed at 45° to the vertical axis of the crucible. Figure 3.6
demonstrates the configuration of the source and substrate used in our lab for the
deposition of Li on the surface of diamond (100). The evaporator set-up is mounted on
the NanoESCA facility and properly degassed before starting the actual deposition. The
pressures are carefully maintained at high vacuum condition to eradicate the problems
of contamination. The apparatus consisted of a boron nitride crucible, loaded into the
evaporator compartment of the deposition chamber, wrapped in a tungsten coil with an
integrated thermocouple and the whole configuration then sealed using a copper gasket

as can be seen in figure 3.6.
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Figure 3.6: Schematic diagram showing the thermal evaporation set up for Li deposition
with parts labelled. Base pressure is ~10° mbar.

The sample was held at 45° to the top of the evaporator before evaporating Li onto the
diamond surface. After that 2.4 amps is passed through the tungsten filament (obtained
from the calibration) taking the Li to 410°C where the evaporation takes place at a

pressure below x10° mbar.

Tin deposition using e- beam technique

This technique uses high energy electron beam which is incident on a target material
placed in a crucible as shown in figure 3.7. The e- beam vaporises the material which
then starts depositing on a substrate placed facing it in the form of a thin film (figure 3.8
shows a schematic diagram showing the set up for E-beam deposition process.). An e-
beam evaporator which is mounted at -45° to the horizontal contains different metal
targets in four pockets. E beams are produced by heating a tungsten filament
thermionically. The target is biased up to 2000 V relative to the filament and walls to

accelerate the electrons towards it for heating.
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Figure 3.7: Schematic diagram demonstrating the E-beam technique for metal (Sn)
deposition. The base pressure is around ~10° mbar. Adopted with modification from
[105]

A molybdenum crucible is used to hold the evaporation target metal although these can
be mounted as conductive rods mounted directly to the centre of the pocket. A quartz

microbalance faces the pockets directly and was used to measure the evaporation rate

of tin at a set value of current and voltage before depositing it on the surface of diamond.

Tungsten Filament

Electron beam target

Flux monitor

Figure 3.8: A picture of the e-beam evaporator showing four pockets containing different
metals with a single pocket in use (orange) along with a labelled diagram for the
components within a pocket. [3]

Tin granules were placed in a molybdenum crucible which was mounted on the
evaporator and then installed into the deposition chamber. The crucible and the chamber
were sufficiently degassed before starting the actual deposition. 0.8 ML of tin was

deposited at a temperature of 327 °C on the surface of diamond, optimised using a
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quartz crystal micro balance. Tin (Sn) metal deposition was performed using this method

in the NanoESCA sample preparation chamber under UHV conditions (1.5%10® mbar)

Molecular oxygen dosing was performed at an oxygen pressure of ~1.5X10° mbar.
Atomic oxygen dosing was performed by dosing O, through a gas cracker at 1.5x10°

mbar.

3.5 XPS/SPA-LEED Chamber

This chamber consists of a manipulator with a heated stage attached to the sample holder
module. The manipulator can be rotated and moved in and out of the chamber in a
precisely controlled steps manually and by a motor, respectively. It also has an XPS
system and a low energy electron diffraction (LEED) setup for characterisation. Moreover,

an argon-based magnetron sputterer is also included for sample preparation.

3.6 Surface Characterization Techniques
Before explaining XPS and LEED in detail, the general concept of photoemission

spectroscopy needs to be explained briefly.

3.6.1 Photo Emission spectroscopy:
Photoemission spectroscopy works on the principle of photoelectric effect where a

sample is irradiated with energetic photons to expel electrons from the surface. These
electrons when expelled can be collected by an analyser and yield a great deal of
information about the nature of material being analysed. Figure 3.9 demonstrates the
process of photoemission spectroscopy in which an electron (binding energy = E,)
expelled by impeding photon (Energy = AV) is collected by the analyser at a kinetic energy

of E, for further analysis.
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Figure 3.9: Schematic describing the general principle pertaining to the operation of a
photoemission spectrometer. A photon source with energy hv (either X-ray or UV) emits
light on a sample surface in an ultrahigh vacuum. The kinetic energy of the photoelectrons
thus ejected is analysed by the electrostatic analyser. Adopted from [106]

The kinetic energy of the emitted electrons is recorded to produce the photoelectron
spectrum by counting the ejected electron over a range of kinetic energies. Since each
atom emits electrons of a characteristic energy, peaks appear in the spectrum. The peak
shape, position and size can reveal a great deal of information about the species present

on the surface of a material.

This kinetic energy (K.E.) is dependent upon the incident photon energy (Av) and the
binding energy (B.E.) of the electron which can be defined as the energy required to expel

the electron from the surface.

Ec=hv—E,—@ (3.5)

where @ is the WF of the material, defined as the amount of energy required to bring the

electron from within the material to the surface.

Photoemission processes are carried out in ultra-high vacuum (UHV) conditions to reduce
the chances of ejected electrons interacting with gas molecules and losing energy.
Photoemission spectroscopy can be used to study the core level electrons by using a

monochromatic source of X rays with an energy of 1486.6 eV which gives information
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about the chemical composition and bonding behaviour of the surface atoms. It can also
be used to study the valence band electronic structure by irradiating the sample with
vacuum ultraviolet beam of photons with an energy of 21.2 eV for He | or 40.8 eV for

He Il which excite and expel the valence band electrons from the surface of a material.

3.6.2 X-ray Photoelectron Spectroscopy (XPS)

The analysis of the surface chemistry of a material and determination of the surface
composition, empirical formula, chemical and electronic state of the elements present is
enabled by XPS within the 1-10 nm surface of the material. In this technique a
monochromatic beam of X rays with an energy of 1486.6 eV is made to impede on the
surface of the material which leads to the emission of photoelectrons which are then
captured and sorted according to the energy by the analyser kept a meter away from the
sample. Characteristic peaks for every element (except hydrogen and helium) are
produced according to their binding energies in the material, with higher intensities
corresponding to larger elemental concentration. The chemical structure of the material
can be studied as shifts in the binding energy due to even a small change in the chemical
environment of the sample. This technique is also known as Electron Spectroscopy for

Chemical Analysis (ESCA).

With an incident monochromatic Al-Ka at +45° to the sample, a multi-channel ARGUS
hemispherical analyser mounted at -45° from the vertical axis was used to collect the
emitted electrons. The XPS data was analysed using CASA XPS software [107]. The
stoichiometry between two elements was determined by finding the elemental ratios

based on the background subtracted emission peak area of each element.

Angle Resolved XPS (ARXPS) was performed by tilting/rotating the manipulator, thereby

varying the sample polar angle, between repeated measurements.
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Figure 3.10: ARXPS showing XPS taken at less surface sensitive mode (LSS) i.e 25° and
slightly more surface sensitive modes (MSS) i.e. at 45° to the normal of the sample.
Adopted from [4]

ARXPS can be done in less surface sensitive mode (LSS) and slightly more surface
sensitive modes (MSS) where the X rays have an emission angle of 25° and 45° (figure
3.10) to the normal of the sample surface and hence a great deal of information about

the sample’s near surface bulk and surface composition, respectively.

3.6.3 Spot Profile Area Low Energy Electron Diffraction (SPA-LEED)

Low-Energy electron diffraction (LEED) is a technique of surface structure determination
of single-crystalline materials by bombardment, at an angle normal to the surface of the
sample, with a collimated beam of low energy electrons (10-200 eV and 120 eV in our
case) and observation of diffracted electrons as spots on a fluorescent screen as has been
demonstrated in figure 3.11. This energy regime corresponds to the De Broglie
wavelength of 1-4 A which makes it possible for the very top atomic layers to participate
in the diffraction. The vector difference between the incoming beam and the reflected
beam represents the crystal surface’s reciprocal lattice vector (if electron beam is
kinematically reflected), which can lead us to the determination of the lattice type of the

sample from the full 2D diffraction pattern.
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Figure 3.1 1: Schematic showing the basic working of a LEED set up where the low energy
electrons from an electron gun are fired on a sample surface. The reflected beams are
collected on a fluorescent screen which gives information about the crystal lattice
structure of the sample” Adopted from [9]

LEED can also give us information about any surface reconstructions due to surface
modification, where the reconstruction can be observed as a narrowing diffraction pattern
in the corresponding axis. The surface roughness and impurities can be determined by
the blur in the images while a sharper image represents a well-ordered crystal surface. A
channeltron detector was used to detect the raster pattern of diffraction points through
deflectors which allows for the Spot profile analysis- Low energy electron diffraction of
the patterns to reveal the intensity ratios of the points or the reconstruction peaks along
a path. SPA-LEED was used to investigate the surface roughness and reconstruction of

the bare and Sn-O-C diamond 100 sample.

3.7 Energy Filtered Photoelectron Emission Microscopy (EF-PEEM)
NanoESCA or EF — PEEM works by acquiring a picture of the sample as a projection of

the electron distribution onto a 2D image. In real space this is realised by mapping a
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spatially resolved image of the sample while integrating over all emission angles in each
point, while in momentum space it is obtained by mapping the momentum distribution
of all electrons emitted from the sample while integrating over all sample area., These
operations are usually performed at the low energy region of the photoemission due to
high signal intensity and contrast of features for imaging. The projection is basically the
emitted electrons, as described in the previous section, that have been accelerated into
the microscope and passed through several electron lenses inside the microscope and
the energy filter as described in a schematic figure 3.12. The data acquisition for
photoemission microscopy in real space which is basically a map of the spatial resolved
image and momentum space can be summarised in the following image and described

later.

Exit Lens
System [, CCD Camera

O /4-om

\, MCP Screen/
\ /

Detector Transfer
\ N Lens
6 —V

PEEM Objective Iris Projection
Lens Aperture Lenses Sits

, e || @@ @W
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Channeltron 2

Imaging
Double
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Figure 3.12: Showing various parts of PEEM / NanoESCA Il with Spatial resolution in
PEEM mode 13 nm. Spatial resolution in energy filtered mode 23 nm. Selected area
spectroscopy Energy resolution at 29 K with Channeltron 30 meV. Energy resolution at
29 K in energy filtered mode 20 meV. Reproduced with modification from [108]
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Figure 3.13.: “The scheme compares the two operation modes of energy-filtered
photoemission microscopy and the process of data acquisition. In the real space mode
(a) spatial resolved image spectra are acquired from a specimen (c). The chemical
information can be evaluated for different sample positions (e). In momentum microscopy
(b) the energy dispersion curve (f) is often of interest, which can be extracted from a stack
of constant energy distributions (d)”. Adopted from [104]

Momentum space microscopy is only possible for highly ordered periodic systems for
example single crystal substrates, graphene, etc. as the integrated electron distribution
of amorphous solids makes no sense due to the fact that the momentum maps from the

amorphous solids differ so much inside the measured area.
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As can be seen in figure 3.13, real space mode yields laterally resolved photoemission
spectra (UPS) where each pixel is individual UPS spectrum, extracted from the lateral
coordinates along the sample or regions of interest. These can be compared to reveal
the chemical differences. Doing the scan over the low-energy cut-off region can therefore
allow for WF determination at each point, this was done using Igor Pro script where pixel-
by-pixel fitting was used to generate a WF map which involves finding the steepest
gradient and extrapolating it to the background. While in momentum mode, cuts through
the image spectrum perpendicular to the image plane reveal energy — momentum

relations or band structures as described in later section.

These measurements are made using a double hemispherical energy analyser which offers
energy resolved PEEM and in which the spherical aberrations introduced at the first
hemispherical analyser are corrected at the second hemisphere. A bias applied to the

sample selects the constant energy at which the analysers work.

The sample is inserted into the chamber at UHV (~10™"" mbar) using a wobble stick into
the manipulator which can move in all the dimensions and rotate at all angles. The
manipulator stage incorporates a heating stage and a liquid helium cryostat that can
support sample temperatures from 30 K to 600 K. An extractor at a distance of 1.8 mm
in front of the sample is biased at 12000 V. The entrance into the PEEM lens column
consists of two integrated adjustable apertures. One of the apertures is at the Fourier
plane which consists of a movable metal plate with different sized holes, thus set aperture
sizes and its position along the plane can be selected, forming a contrast aperture which
selects the momentum acceptance of incoming electrons. While the other aperture is at
the image plane of the lenses and has a fixed position with an adjustable size, this forms
an iris that selects a region of interest in real-space and leads to a better real-space

lateral resolution.
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The ideal light source for PEEM imaging would be a bright, low energy, non-focused and
non-monochromatic light source which is fulfilled by a Hg vapor lamp (Av < 5.8 eV). The
He lamp which is focused to a spot of about 300 pym and is monochromatic can operate
under He-l (Av = 21.2 eV) or He-ll (Av = 40.8 eV) conditions, at 100 mA, 3.3X10° mbar
(chamber) and 150 mA, 1.5 x 10°° mbar (chamber) respectively. The He lamp is focused

to a spot of about 300 um diameter and is monochromatic.

3.7.1 Ultra Violet (UV) Photoelectron Spectroscopy
This type of photoelectron spectroscopy uses photons with energy in the region of 5-40

eV (UV region) which excite the electron present in the valence band of a material. The
emitted electrons are collected by the UV spectrometer which gives information about
the density of states of the valence band of a material convoluted with a background of
electrons inelastically scattered as they leave the sample. The ultra-violet photons are
produced in a synchrotron facility or in a laboratory setting using Helium gas discharge
lamp, although neon and argon gases can also be used. The photons emitted by He have

energies of 21.2 eV (He I) and 40.8 eV (He Il).

Two types of experiments can be performed using UPS: Valence band acquisition and WF
measurement. UPS has greater surface sensitivity than XPS and the information depth in

UPS is around 2-3 nm.

In order to take a standard UPS spectrum, a region of interest is select using the iris in
PEEM and the emitted electrons are directed to the channeltron detector by a single (first)
hemispherical analyser. The contrast aperture should be fully open for UPS
measurements. This yields information about the sample constituents and components

over a wide energy range.
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3.7.2 Angle Resolved Photo Emission Spectroscopy (ARPES)

ARPES is an advanced form of photoemission process in which the emitted electrons are
collected along with the angle of emission, usually called band mapping, which makes
ARPES a direct experimental technique used to collect information about the electron
distribution in the reciprocal space of a solid material. In other words, it can be defined
as the direct method of studying the electronic structure of a surface. The information
about the energy and momentum can be gained in this technique by probing the speed,
direction and scattering process of valence electrons of a solid. Thus, the band dispersion
and fermi surface of a solid can also be determined by this technique. In real
photoemission, the excitation occurs in the vicinity of the crystal surface. The momentum
component is believed to be conserved parallel to the surface (k parallel) due to
periodicity of the surface crystal structure along that direction while k perpendicular is
not conserved due to the fact that (as we cross into vacuum) the symmetry is broken in
that direction. Thus, the conservation of energy and parallel momentum component in
the photoemission process can yield important piece of information (parameters) about
the initial electronic state in the crystal by taking into account the energy and momentum

of the final electronic state, detected by the photoelectron analyser.

T - 72 (3.6)

K'S k' G e (3.7)
where € and k represent energy and momentum, respectively while G represents the

reciprocal lattice vectors.

Thus, according to the equation above, in ARPES, we can access the whole electronic
band dispersion of a solid surface as the incoming electron randomly interacts with

electrons, hence exciting electronic states from all bands and with all possible momenta.
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The analyser thus catches all electrons going out in different directions and with different
velocities which leads to the bright colours seen in the energy-momentum (e- k) photo

intensity distribution.

Thus, in ARPES a cube of E-k data is produced which reveals the valence band structure
by cutting a sequence of parallel energy slices through the Brillouin zone as described in

figure 3.14.
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Figure 3.14: Selected ARPES stack of energy slices from Single Crystal C(100) diamond.

ARPES is taken by using the EF-PEEM imaging column to image in the Fourier plane
which provides a full wave vector ARPES image compared to a single cut in &, with a
resolution of 25 meV under liquid helium and 120 meV for RT measurements. To ensure
a full unobstructed view of the e-k relation or the band structure, the contrast aperture
is fully open. The iris size is tuned to balance the signal to noise ratio and analysis area.
ARPES can reveal a great deal of information about the electronic interactions, doping

and crystal orientations.
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3.8 Thermionic emission Kit
In order to do the thermionic testing of the diamond samples, a set up at in the diamond

lab at the University of Bristol's School of Chemistry was used which consists of a vacuum
chamber along with a sample heater, electron collector and a feedthrough to measure
the current between the sample and the collector. The details of the set can be seen in
figure 3.15 and are available in a publication as well [109]. It consists of a collector
attached to a motorised drive to control the distance or in other words vacuum gap
between the emitter and the collector. The sample and the collector are both connected
to electrical feedthrough while being electrically isolated from the rest of the chamber.
An ammeter is connected to sample and the collector to give the sample to collector
thermionic emission current while a power supply provides a negative bias of — 25 V on
to the sample in order to minimise and ideally overcome the space charge and collector
WF. In our experiments, the distance between the collector and emitter is set to 200 pm

during the measurements with a chamber pressure of 5 X 10 Torr.

_— Motor drive shaft
Electrical isolator
— Collector

Emitter

Quartz plate
— Steelbase

:r::]

Optical
Pyrometer T,

Pump

Mirror

Figure 3.15: Schematic of the experimental thermionic emission testing kit, where a
vacuum chamber along with other important parts of the laser heated system is shown.
Extracted from a previous publication [3, 110]
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An infra-red CO, laser (Firestar V40 series, Synrad) was employed to heat the sample
directly in order to minimize the electrical background noise and maximise the control
over sample temperature. There are mirrors to guide the laser on the base of the sample
through an aperture on the sample stage base. In order to enhance the laser absorption
through plasmonic coupling, a linear grating is inscribed on the molybdenum substrates
[111]. A two-colour optical pyrometer (1.0 and 1.5 pym) aimed at the sample base
measures the sample temperature. A PID feedback controls the laser power output which

in turn controls the temperature of the sample.
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Chapter

Modification of the Surface Structure and Electronic Properties of
Diamond (100) with Tin as a Surface Termination: A Density Functional
Theory Study

Summary

Most of the material for this Chapter has been taken from the paper;

S. Ullah, N.A. Fox, "Modification of the Surface Structure and Electronic Properties of Diamond (100)
with Tin as a Surface Termination: A Density Functional Theory Study", J. Phys. Chem. C 125 (2021)
25165.

This manuscript was written through contributions of all authors as mentioned below. All authors
have given approval to the final version of the manuscript.

Sami Ullah: Investigation, Methodology, Conceptualization, Software, Visualization, Writing -
original draft. Neil Fox: Writing - review & editing, Supervision, Funding acquisition.

This chapter introduces various diamond surfaces and various types of terminations on the
surface of diamond that yield different properties. Specifically, those metal and metal oxide-
based terminations have been mentioned that yield negative electron affinity (NEA) on the
surface of diamond. The importance of tin as a termination of diamond has been mentioned.
The theoretical method in the form of the density functional theory-based modelling has been
described. Various outcomes based on geometric optimisation, electrostatic potential
calculation and projected density of states calculation have been described in detail to
establish tin as one of the effective and efficient candidates for diamond surface termination.
All of this was performed on the University of Bristol’s High-Performance Computing (HPC)

facility, a Blue Crystal 4 Supercomputer.

53



Sami Ullah University of Bristol, UK

4.1 Introduction
Any investigation into metal and metal oxide termination of diamond would demand

determining the surface and bonding structure on the surface of diamond. Although
spectroscopic techniques such as SPA-LEED would reveal the surface structure
experimentally, however, any surface irregularity would result in altering the surface
structure and would result in a different output than expected. The shift in charge density
between the surface carbon atoms and the terminating species is a crucial piece of
information that enables us to determine the electronic structure or bonding structure
between the surface species on a diamond surface. Shifts in core levels of carbon atoms
are used to evaluate the relative shifts in charge density between the surface species
however any charging of the sample would result in false shifts; false in the sense that
the shifts in that case would be due to the accumulation of electrons on the surface rather
than the differing electronegativities between the terminating species. Hence inputs from
XPS core level shifts would not be sufficient for such purpose. Hence all of this demands,
as an initial step into this study, a theoretical investigation on the possibility of
terminating the diamond (100) surface (both bare and oxygen terminated) with Sn atoms
at various coverages. This was done using the DFT code run through the CATSEP program

as has been described in section 3.1.

4.2 The Diamond Surface

The surfaces of diamond are differentiated based on crystallographic orientations (shown
by the Miller indices) that these possess for example C(100), C(111), C(110), C(113) etc.
Out of these, as has been reported [9] that the slowly growing C(111) and C(100) ones
are the most predominantly occurring as all other orientations grow out of the crystal
faster. The clean C(100) diamond surface possesses two dangling bonds while (111) only
one, per surface carbon atom. Due to this there is a reconstruction of the surface in the
form of dimerization of the surface carbon atoms which results into a n-bonded surface
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structure (and hence a (2 X 1) symmetry in the LEED pattern). Some of the reasons why
100 is preferred for the surface science experiments are very smooth surface growth
(near atomic flatness) on 100 surface, lower defect concentration, etc. The monohydride
surface (C(100)-(2%1):H bonds) is energetically more favourable than the clean surface
due to the H atoms saturating the diamond surface. (111) surface occurs in an
unreconstructed (1 X 1) pattern or a reconstructed (2 X 1) pattern, also known as Pandey
chain reconstructed surface which is energetically more favourable. In this reconstruction
n-bonds are formed in the first upper two layers of the surface only in the form of zigzag
chains on its first layer (as shown in the figure 4.1). The dimerization or the reconstruction
can be prevented and hence (1 X 1) favoured energetically by saturating the surface with

the hydrogen atoms to form C-H bonds above the top layer carbon atoms.

a) b)

(100) (111)

Figure 4. 1: The optimized structure for the a) clean reconstructed C(100) surface and b)
C(111) surface along with insets showing the 100 and 111 planes of an arbitrary unit
cell.

Various atoms or groups have been investigated as a potential PEA and NEA terminating
species to the diamond surfaces with various orientations. The most common PEA and
NEA imparting atoms that have been researched widely are oxygen (O) and hydrogen (H),

respectively [60-61, 112-113].
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4.2.1 Hydrogen terminated diamond surface
H termination of diamond has been found to possess an NEA of -1.96 eV theoretically

and -1.3 eV experimentally [10, 66-67], [114-115]. However, hydrogen has been seen
to desorb at elevated temperatures (2700 °C) which renders it non usable in the devices

operating at high temperatures.

4.2.2 Oxygen terminated diamond surface
O terminated diamond (OTD) surfaces have been researched widely as a PEA imparting

surface termination [57]. Many processes with diamond as simple as acid washing results
in the O surface termination of diamond [62]. Experimentally O has been seen to occupy
a mix of both the ether and the ketone (carbonyl) position. Theoretically ether terminated
diamond has been found to be the most stable form of OTD as has been found in our
study as well. OTD has been seen to possess a PEA of up to 2.7 eV and 3.8 eV with
large adsorption energies per atom in case of ether and ketone terminations, respectively
[61, 63, 64, 116]. Experimentally, we have found the PEA value of 0.89 eV per atom for
oxygen terminated diamond [5]. This has resulted in O being studied as potential
candidate in quantum sensing and electrochemical applications along with other

elements like boron [10, 65] etc.

4.2.3 Metal and Metal oxide terminated diamond surface
As has been mentioned in chapter 2, various metal and metal oxide terminations of

diamond surfaces have been explored [69, 117] backed by the fact that oxygen inclusion
results in the stronger dipoles due to increased sticking coefficient between the metal
atom and surface carbon atom [58, 76]. Research has mostly focussed on certain group
of elements as potential termination of diamond surface. Alkaline metals, alkaline earth
metals, transition metals have been a focus of most studies both theoretically and

experimentally [4, 46, 59, 70, 118-120]. There are only a few studies that have focussed
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on other elements like Al, Si, Ge, F, Sn etc. [5, 76, 78-80, 121] which have been shown
to impart NEA to the diamond surface. The same group elements with Sn like Si and Ge
have experimentally been studied as the surface terminations on diamond (100). Ge has
been found to impart an NEA of — 0.71 eV on the surface of diamond (100) [80] while
Si deposition on the surface of diamond (100) has resulted in an electron affinity of —0.86
+ 0.1 eV, however, both Si and Ge are determined to be unsuited for device application
at ambient condition due to the high reactivity of unsatisfied silicon and germanium
bonds which would demand a protective layer to be grown on top of the structure (e.g.
in the form of SiO, layer) which could have a negative impact on NEA and lower WF in
these structures. We have observed, experimentally, Sn to impart NEA on the surface of
diamond (100) while being stable at ambient condition which is a crucial point as far as
device application of these structures is concerned, as explained later in chapter 4. Table
4.1 shows the results of most stable terminations along with their corresponding EA'’s.
Tin (Sn) has previously not been widely investigated as a termination of diamond surface.
Sn is available in abundance, nontoxic and has the same valency as carbon (C), hence Sn
atoms are expected to bond tetrahedrally like C atoms in diamond. Although the lattice
constants for C (in diamond) and Sn are 3.6 A and 6.5 A, the difference in size will not

play a significant role as the Sn coverage is only up to a monolayer.

Sn with a large electron cloud is expected to contribute to the redistribution of electron
density towards more electronegative C and O due to which a surface dipole is generated
with negative side of the dipole inclined towards the surface carbon atoms, a strong
reason for the generation of NEA on the surface of diamond. Sn adsorption on an oxygen
terminated diamond would also result in the formation of SnO on the surface of diamond.
SnO has already been researched as a superior 2D material possessing various

remarkable features and its conductivity can be altered using different doping approaches
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[81, 82]. Moreover, lithiated tin has been shown to possess remarkably lower WF in bulk
form (as alloys). Hence SnO terminated diamond would not only lead to modification of
diamond surface properties impressively but also encourage other studies of combining
alkali metals like Li with SnO thin films for revolutionary properties on the surface of

diamond for various applications.

Table 4.1: Most stable coverages of different metals on the various orientations of
diamond and their corresponding adsorption energies along with electron affinities taken
from[10, 11, 12]. Here bare means unterminated diamond while OTD represents oxygen
terminated diamond (see figure 4.5).

coverage (ML) adsorbate substrate E.ss (eV) x (eV)
0.5 Al bare - 3.97 -0.93
1 Al bare -4.11 - 1.47

1 B bare - 6.85 -1.39

1 Ti bare -5.08 0.35

1 Cu bare -2.93 -0.55
0.5 Al OTD - 6.36 - 0.37
1 Al OTD -4.58 -0.54
0.5 B OTD -9.0 0.49
1 Li OTD - 3.64 - 3.50

1 Na OTD -1.62 -1.42
0.5 Mg OTD -3.92 -2.77
0.5 Na OTD - 2.41 -1.30
0.5 K OTD -1.92 - 1.31
0.25 Cs OTD -2.19 - 2.41
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4.3 Method

A symmetrical 12 carbon atom thick periodic (in x and y) slab of carbon atoms with
surface on both sides, representing diamond (100), with a 2x2 supercell on each (100)
surface yielding 4 C atoms on the surface was used [122]. It has been established that
the surface energy, bond angles and atomic charge reach desired stability and
convergence under 12 layer slab thickness while the ideal bulk geometry inside the slab
is also reached with 12 layers to ensure the convergence inner distances [123]. This
enabled us to vary the coverage of Sn atoms from quarter monolayer (QML = 0.25 ML)
to half mono layer (HML = 0.5 ML), to full monolayer (FML = 1 ML) by adsorbing one,
two or four Sn atoms, respectively. For oxygen terminated diamond 8 oxygen atoms were
used to terminate the 8 carbon atoms on both surfaces in ether and ketone configuration.
The slab dimensions were fixed at 5.016 5 A X 5.016 A with a sufficient vacuum gap of
20-25 A (~ 24.27 A) in between the repeating cells such that the electrostatic potential
had fully decayed in the vacuum. These slabs were used as samples for experiments on
the CASTEP code [89] for performing the plane wave DFT calculations using Perdew—
Burke—Ernzerhof (PBE) generalised gradient approximation (GGA) for the exchange-
correlation functional [94] and Vanderbilt pseudopotentials [92]. The plane wave basis
set of cut off energy 700 eV along with a Monkhorst-Pack [96] mesh with 6xX6x1 k-
points (18 k-points in total) was used for geometric optimisation while a 12x12x1 k
point grid was employed for density of state calculation using OptaDOS code[98] (using
adaptive broadening of DOS peaks and a spacing of 0.07 eV as optimised in [76], [121]).
The BFGS algorithm resulted in the geometry optimised structure with tolerances of 0.05

eV/ A and 2 x 10° eV per atom in ionic forces and total energy, respectively.

4.4 Results and discussion
Before performing the calculations on the actual metal i.e.,, Sn on diamond (100). The

slabs were tested for convergence at different cut off energies and for k-points. The
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structural calculations were converged using a cut off energy value of 700 eV and a
Monkhorst-Pack grid of (6 X 6 X 1) k-points with a geometry convergence criterion
(tolerances) of 0.05 eV/ A and 2 x 10 eV per atom in ionic forces and total energy,
respectively, a fixed unit cell and no restrictions on atomic positions. The energy was
seen to converge fairly with the parameters used. The energy minimisation through
geometry optimisation and electrostatic potential calculations were performed on bare,
H terminated, and O terminated diamond (both ether and ketone) surfaces (table 4.2)
which agree with the already available reports on these surfaces in the literature, hence

demonstrating the viability of these parameters used for the future calculations.

Table 4.2: Electron affinity (x) and adsorption energy (E.s) for various diamond surfaces.
Compared to the earlier studies as presented in the studies [1, 9], the values were found
to be comparable.

Sample Source E..{eV) x (eV)
Clean C | This work | -——-- 0.73
Previous DFT | ------ 0.51-0.69 [63], 0.62 [64], 0.86 ,
0.28 [124]
HTD This work -4.16 -1.9

Previous DFT | -4.14 [76], - 4.54 [125] | —1.95 [64], -2 [63], —2.2 [126]

OTD This work -7.16 2.74
Ether

Previous DFT | - 8.2 [64], - 6.21 [113] | 2.61-2.7 [127], 2.63 [64]

OTD This work -6.78 3.73
Ketone

Previous DFT | - 7.88 [64], - 5.77 [10] | 3.75 [64], 3.64 [127]
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4.5 Tin termination of diamond (100) surface
After optimising and confirming the parameters, it was deemed necessary to select the

sites of adsorption for Sn atoms on the diamond (100) surface. Most of the studies have
adopted the traditional Levine structure to determine the high symmetry adsorption sites
on the surface of Si and diamond [128], known as the Cave (T4), Pedestal (HH), Bridge
(HB) and Valley Bridge (T3) sites as depicted in figure 4.2 a). A few studies have chosen

other sites as well [10, 122].

This gave rise to a curiosity to test many other possible sites along with the above-
mentioned sites at various coverages of Sn on diamond (100). Figure 1 shows the general
structure of a (2 X 1) reconstructed diamond surface along with the different sites for Sn

adsorption.
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Figure 4.2: a) Plan view of the bare (2 x 1) reconstructed diamond surface showing the
potential high symmetry adsorption sites for Sn on bare diamond surface. HH, HB, T3
and T4 refer to the hexagon hole, hexagon bridge, third-tier carbon, and fourth-tier
carbon sites, respectively. Green balls represent carbon atoms while orange balls
represent tin atoms. b) Unreconstructed diamond (100) surface with Sn atoms in ether
configuration (bridge position). ¢c) Unreconstructed diamond (100) surface with Sn atoms
in ketone configuration (on top position).
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4.5.1 Tin on bare diamond
As has been mentioned earlier, 4 Sn atoms on top of the surface with 4 C atoms gives 1

full monolayer (FML) adsorption. Hence 0.25 ML would need 1 Sn atoms anywhere on
the 4 sites shown and described in figure 4.2. However, for half monolayer adsorption
of Sn on diamond, 2 Sn atoms take up different combination of sites which are mentioned
in the table 3. For 1 ML, there are only 2 most favourable ways (ether and ketone) in
which Sn atoms could be placed on top of diamond surface. Ether and ketone
configuration in case of FML coverage refers to the position of Sn atom in between the
surface C atoms and on top of surface C atom, respectively. The unreconstructed surface
of diamond (100) was found to be favourable for FML termination as it favours the
bonding between the Sn and C atoms due to similar valency of the surface species. Any
attempt to adsorb a FML of Sn in a different configuration or on a reconstructed diamond
structure would output a HML terminated diamond with 2 Sn atoms unbonded which, in

our opinion, satisfies the valency of both C and Sn atoms on the surface of diamond.

Hence, it can be concluded through the information presented in the table 4.3 that the
most favourable adsorption site in case of 0.25 ML of Sn on diamond (100) is T4 site
(figure 4.3 a) where the highest adsorption energy of — 4.27 eV with an NEA of — 0.39
eV is obtained. For HML case, the most stable and favourable site for Sn atoms is T4T4
(figure 4.3 b) with an adsorption energy value of — 4.4 eV and a NEA value of — 1.43 eV.
As can be seen from the table 4.3, many other adsorption sites relaxed to T4T4 which
indicates, again, this configuration to be the most stable and favourable one. Due to the
large size of Sn atoms and heavy electron cloud, there is a possibility of interatomic
repulsion between the Sn atoms which makes it relatively unfavourable for Sn atoms to
achieve a full monolayer coverage on the diamond surface, hence giving a very small

value of adsorption energy for both ketone and ether positions.
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Table 4.3: Values of electron affinity, x, and adsorption energy, E.., calculated for various
positions and at different surface coverages of Sn on the bare diamond (100) surface. *
Represent the unreconstructed diamond structure.

Adsorption Energy, | Electron Affinity,
Coverage (ML) | Input sites Output

E.(eV) /adsorbate X (eV)

0.25 HH HH - 3.45 - 0.58
0.25 HB HB -3.8 -0.8
0.25 T3 T3 -3.8 -0.89
0.25 T4 T4 -4.27 -0.39
0.5 HHHH --- -42 -0.75
0.5 HBHB --- -3.75 -1.6
0.5 T3T3 --- -3.2 -1.0
0.5 T4T4 -4.4 -1.43
0.5 HHHB --- -4.29 -1.12
0.5 T3HB T4HB -43 -0.73
0.5 T3HH --- - 4.1 -1.01
0.5 T4HB --- -43 - 0.66
0.5 T4HH T4HB -43 -0.73
0.5 T4T3 T4T4 -4.4 -1.43
1 ETHER* --- -1.9 -1.07

1 KETONE* --- -2.14 -1.14

All other attempts to terminate diamond surface with a full monolayer coverage in
different configurations resulted into the output structure relaxing into the HML

terminated one with 2 Sn atoms left unbonded.
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Figure 4.3: Most stable a) QML and b) HML of Sn on diamond (100). Note the
reconstruction of the diamond surface has occurred due to Sn adsorption. Green balls
represent carbon atoms while orange balls represent tin atoms.

Figure 4.4 shows the electrostatic potential for the HML (0.5 ML) of Sn on bare diamond
(100) which shows the variation of electrostatic potential along the normal axis to the
surface. The negative and positive sides of the dipole can be visualised in the form of
crests and trough (or upswings and downswings by convention), respectively. The
negative side of dipole is present towards (or on) the surface carbon atoms while the
positive side of the dipole exists (localized) on Sn atoms. This dipole formation has been
described as the source of NEA on the surface of diamond [57]. Mulliken bond population
analysis is widely used to assess nature of the bond between any two species. A value of
O indicates a perfectly ionic bond while an increasing value of bond population indicates
increasing levels of covalency. In our case, the most stable HML adsorption exhibits the

covalent nature of the bond between the surface C atoms and the adsorbed Sn atoms

with a bond population value of 0.45.
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Figure 4.4: Electrostatic potential (EP) for the most stable configuration i.e., HML of Sn
on bare diamond (100). The electrostatic potential is atom centric (localization of charges
on or very near to the surface atoms) like H termination instead of bond centric (where
delocalization of charges due to the lowering of electronic states causes the positive and
negative sides of surface dipole sit between the surface species called bond centric) as
seen in case of metal oxide (LiO) terminations of diamond. Here, brown balls represent
carbon atoms grey balls represent tin atoms.

The adsorption of Sn atoms leads to increase in the C-C dimer bond length from nearly
1.38 A to 1.7 A which is expected due to the charge transfer between the C and Sn
atoms and shows the dipole formation between more electropositive Sn atoms and the
surface C atoms (C - Sn™), also revealed by the Mulliken charge analysis which shows Sn
gains a positive charge of 0.37e and 0.57e while the C atoms gain a charge of -0.20e
again confirming the charge transfer between the surface species. In case of the HML and
FML adsorption, a similar trend can be seen which indicates preferential covalent nature

of Sn to surface C bond.
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4.5.2 Tin on oxygen terminated diamond
To achieve a full coverage of oxygen on the surface of diamond, 8 oxygen atoms

terminated both surfaces of diamond slab in ether and ketone configuration. Although it
has been established widely using experimental and theoretical models that ether
configuration is the most stable one [1], however, there are a few reports which mention
ketone configuration as the most favourable termination of diamond [9]. In our study,
ether configuration of oxygen termination came out to be the most stable one. However,
when it comes to metal oxide termination of diamond, it has been found that metals can
easily break the ketone bonds between surface carbon and oxygen atoms to form metal
oxide on the surface of diamond with surface C atoms dimerising to reconstruct the
diamond surface [76]. So, in order to establish which configuration of oxygen termination
favours Sn deposition on the surface of diamond, both ether and ketone terminated
surfaces were constructed and tested. Sn coverage varies in the similar manner as in case
of bare diamond surface i.e., 0.25 ML or QML is represented by 1 Sn atom on each
surface, while 0.5 ML or HML by 2 Sn atoms and 1 ML or FML by 4 Sn atoms on each
surface of diamond (100). Figure 4.5 shows the ether and ketone clean unterminated
diamond surfaces. The Sn atoms were placed on top of both the surfaces in different
configurations and coverages which can be shown in Table 4.4 and 4.5. Here ether and

ketone with regards to Sn means bridge site (between 2 O atoms) and on top (of O

3 Ed
¥

atoms) site, respectively.
a)

]

X

Figure 4.5: Showing clean diamond surfaces terminated with oxygen in a) ether (bridge
between two C atoms and b) ketone (on top of each C atom) configurations. Brown balls
represent carbon atoms while red balls represent oxygen atoms.
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Table 4.4: Values of electron affinity, x, and adsorption energy, E.., calculated for various
positions and at different surface coverages of Sn on the oxygen terminated diamond
(100) surface in ether configuration.

Adsorption
ETHER
Sn Energy, Ea Electron
OXYGEN Coverage (ML) ; V) Aff V)
configuration e er inity, x (e
TERMINATED I P X
adsorbate
0.25 In between 4 -5.9 - 0.86
O atoms
0.5 Ether -5.6 2.31
0.5 Ketone -5.27 -1.37
1 Ether -4.6 1.88

The ether bond being stronger and hence resilient to break with Sn adsorption yields
lesser values of adsorption energy. A QML of Sn on the ether terminated diamond (figure
4.6a) is favoured which implies lesser chance for 2 Sn atoms to break the ether bonds
probably due to interatomic repulsion between the Sn atoms which lessens the chance
for them to interact with the surface oxygens which is not the case for a lone Sn atom. A
FML of Sn on ether resulted in Sn atoms unbonded and going away from the surface,
hence no adsorption due to the same reasons. It seems from the tables 4.4 and 4.5 that
the most preferential configuration for Sn atoms on diamond (100) is QML (0.25 ML) of
Sn atoms on top of the ketone terminated oxygen atoms (can be seen in figure 4.6b)
which makes sense as it is expected that breaking a ketone bond would be easier for an
Sn atom to bond with surface O than a more stable ether bond. However, this leads to a
PEA value of 0.40 eV. It is the trend in the NEA rather than the actual numerical value
that is important here as GGA is known to produce wrong estimates of electron affinity.
Since the value of 0.40 is very small (very close to negative scale) and it has been

experimentally seen that the sub—ML Sn adsorption leads to NEA on the surface of
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diamond (100) [5] along with the fact that all other adsorption configurations (in tables
4.4 and 4.5) result into the NEA, hence it could be said that Sn leads to NEA on the

surface of diamond (100) in most of the stable configurations.

Table 4.5: Values of electron affinity, x, and adsorption energy, E..s, calculated for various
positions and at different surface coverages of Sn on the oxygen terminated diamond
(100) surface in ketone configuration.

KETONE Adsorption
Sn Electron
OXYGEN Coverage Energy, E. (eV) o
configuration Affinity, x (eV)
TERMINATED per adsorbate
0.25 In between 4 O | - 6.45 0.40
atoms

0.5 Ether -5.8 -2

0.5 Ketone -6.03 -1.37

1 Ether -4.5 0.28

It can also be concluded that Sn prefers ketone terminated oxygen on the surface of
diamond than the ether terminated one as can be seen from the larger adsorption energy
values in the tables. HML coverage of Sn is the coverage of interest as nearly all the
experiments investigating the surface properties of Sn terminated diamond would yield
genuine insights into this field of study when the metal/ metal oxide layer is under 1 ML,
especially when the advanced spectroscopic techniques are used. HML coverage of Sn
on the ketone terminated diamond (can be seen in figure 4.6 c) also results in a large

adsorption energy value of 6.03 eV with a large NEA value of — 1.37 eV which is an
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important and a hopeful outcome that sets a base for the future theoretical and

experimental investigation into this topic.

Figure 4.6: Geometry optimised most stable output structures showing a) @ML (1 atom)
Sn on the oxygen (ether) terminated diamond, no surface reconstruction has occurred
due to Sn adsorption. b) QML adsorption where 1 Sn is shared by 4 O (ketone) atoms (4
coordination) hence resulted in reconstruction (or C-C bond) on the surface. ¢c) HML
adsorption where each Sn atom is shared by 2 O (ketone) atoms (2 coordination) hence
resulted in reconstruction (or C-C bond) on the surface. Green balls represent carbon
atoms while red balls and orange balls represent oxygen and tin atoms, respectively.
Adopted with modification from [5].
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The NEA values (more exactly trends) for Sn on bare and oxygen terminated diamond
(100) surface are comparable to the ones obtained for the hydrogen terminated diamond
and Li/ LiO terminated diamond (100) with larger adsorption energies implying stronger
bonding between the surface species. A FML of Sn on ketone OTD resulted in Sn atoms
unbonded and going away from the surface, hence no adsorption, similar to the ether

OTD case.

In order to gain a further insight into the nature of the dipole at the surface, EP was

generated for the most stable ketone terminated diamond surface as shown in figure 4.7.

EP (eV)

Position along <100> axis (A)

Figure 4.7: Electrostatic potential (EP) for the most stable configuration i.e., HML of Sn
(ketone or on top) on oxygen (ketone) terminated diamond (100). The large surface
dipole apparent in the potential is projected onto the structure. It shows the dipole is
bond centric as has been found in case of LiO terminated diamond® rather than atom
centric unlike H terminated diamond. Here in this figure, brown balls represent carbon
atoms while red balls and purple balls represent oxygen and tin atoms, respectively.

Figure 4.7 shows the electrostatic potential (EP) along the normal to the surface of
diamond (100). There is a complex interaction at the surface as compared to the bare
surface. The downswing (trough) depicts the positive side of the surface dipole which is

centred on the Sn atom as expected and seen in the Mulliken charge analysis too

(discussed below). Since O atoms are more electronegative than both C and Sn, hence
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attract the charge density towards itself resulting in the centring of the negative side of
surface dipole between the C-O and O-Sn bonds in the form of 6, and 6," (where it seems
that 6, > &,"), respectively. This results in the net negative charge accumulation near the

surface carbon atoms, giving rise to NEA on the surface of diamond.

Mulliken bond population value of 0.04 indicates the ionic nature of the bond between
surface bonded O atoms and Sn atoms in case of ether terminated diamond with QML
coverage along with an increase in the covalency (from 0.45 up to 0.74) of the bond
between surface C and O atoms due to Sn adsorption. Mulliken charge analysis on the
most stable configurations of Sn on oxygen terminated diamond reveals the formation of
CO - Sn™ dipole with Sn attaining a positive charge of 1.22e, O attaining a negative
charge of -0.47e and C attaining a positive charge of 0.45e. The bond length is further
reduced between C and O atoms due to Sn adsorption which again indicates increase in
the covalency of the bond between the surface C and O and hence stronger bonding, in
case of ether terminated diamond. However, in case of ketone terminated diamond the
covalency between C and O atoms reduces considerably due to Sn adsorption. The bond
length between C and O atoms increases which shows more tendency towards single
bonded character which is expected as Sn atoms would break the double bond (1t bond)
between C and O atoms. A similar trend can be seen in case of the most stable HML

coverage on ketone terminated diamond surface.

4.6 Projected Density of States calculation
Projected density of states (PDOS) calculations are performed using the OptaDOS code

[98] in CASTEP to show the density of electronic states for individual atoms in the
optimised structure. The adsorption of Sn on the bare and oxygenated diamond (100)
results in a significant decrease in the WF, as has been seen experimentally also (see

chapter 6), and NEA which occurs due to a shift in the electron density between the
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surface atoms [5]. In case of Sn adsorption on the bare diamond surface, a simple
explanation of surface dipole, as mentioned in the earlier sections of this chapter, can
explain the mechanism of this shift, however, as has been seen in case of the oxygen
terminated diamond, any explanation to this phenomenon demands a further support.
Here projected density of states calculations before and after the Sn adsorption on the
OTD will help us to understand further the distribution of electron density at the surface

which accounts for the shift in the WF of the diamond surface.

Figure 4.8 a) shows the PDOS structure for the bulk and surface carbon atoms in the
bare diamond (100), taken from the centre of the diamond slab and from the dimer row,
respectively. Due to the sp® bonds being distributed across the diamond lattice, there
are the indistinct, broader, and less intense peaks features present across the spectra
especially towards the higher energy region. There are states within the band gap region
of the diamond which originate from m and * bonds of the surface carbon dimer rows.
Figure 4.8 b) shows the PDOS spectra for the most stable QML of Sn adsorbed on the
bare diamond (100) surface. The existence of a large peak which can be deconvoluted
into a multiple peak structure, can be seen within 20 eV to 25 eV region, indicating the
tin-oxide structure on the surface of diamond. This feature can be a distinguishing factor
between SnO and tin dioxide as has been mentioned earlier. This feature is analogous to
that of Sn4d peak’s structure seen in XPS or the valence band structure of SnO on
diamond [5]. There are states still present within the band gap of diamond and a match
between the surface C states and Sn states indicates a covalent bonding between the
two surface species is clearly visible. Figure 4.8c) shows the typical PDOS structure for
ketone terminated diamond which shows the density of states for bulk carbon, surface
carbon and oxygen atoms in ketone configuration. Again, due to the sp® bonds being

distributed across the diamond lattice, there are the indistinct, broader, and less intense
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peaks features between 5 and 15 eV corresponding to the sp® bonds than more localised
features between -8 and O eV corresponding to sp® bonds. At higher energies, the PDOS
presents similar distinct and sharp peaks for both surface C and O atoms at -6 eV and
24 eV, indicating the strong covalent bonding (sp® bonding character) between these
species. In addition to these states the surface oxygens have three sharp nonbonding
peaks within the band gap at around -0.5 eV, -2 eV and -3.5 eV corresponding to the

lone pair electrons on the oxygens.
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Figure 4.8: (a) Projected density of states (PDOS) for bulk C and surface C prior to Sn
adsorption. (b) The PDOS for the same layers after QML of Sn adsorption (shifted
vertically for clarity). (c) Projected density of states (PDOS) for bulk C, surface C and
surface O (ketone) prior to Sn adsorption. (d) The PDOS for the same layers after QML of
Sn adsorption (shifted vertically for clarity). All energies are relative to the Fermi level at
OevV.
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The adsorption of a HML of Sn on the ketone terminated diamond surface results in the
significant change in the density of states of the surface species, as can be seen in figure
4.8d). The three sharp lone pair oxygen levels have been substantially downshifted in
energy and seem to overlap with the bulk levels, indicating charge transfer from Sn to
the other surface species (-O-C) as discussed in EP analysis too. There is an obvious
evidence of match in PDOS spectra between surface C and O at many energy points
which indicates strong covalent bonding between the species before Sn adsorption which
seems to go away with Sn adsorption considerable indicating the breakage of the strong
double bond between the surf C and O and formation of O-Sn single bond as can be
seen in an excellent match between all three surface species between — 20 eV to — 26
eV. This also shows the charge redistribution between the surface species that leads to

the lowering of WF and NEA.

4.7 Conclusion
This work describes the surface and electronic structure of the diamond (100) when Sn

is adsorbed on the bare and oxygen terminated diamond in various coverages and
configurations, which could serve as a foundation for any future theoretical and
experimental investigation into the Sn surface doped diamond or Sn surface terminated
diamond for any application that demands lower WF thin films or diamond-based samples
with NEA. DFT calculations were performed to determine the most stable position and
coverage of Sn on bare and oxygen terminated diamond (100). It was seen that most of
the sites whether on bare or oxygen terminated diamond, exhibited NEA with large
adsorption energies. There is a predominant covalent nature between the Sn (and SnO)
and surface C atoms, hence stronger bonding. A QML of Sn on bare diamond resulted in
an NEA of - 0.39 eV with a large adsorption energy of - 4.27 eV while a HML of Sn has

resulted in much larger NEA (-1.43 eV) and adsorption energy (-4.4 eV). On the oxygen
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terminated surface (OTD), a HML of Sn in ketone configuration resulted in an NEA of -
1.37 eV with a much larger adsorption energy of -6.03 eV, which is expected due to the
fact that oxygen inclusion increases sticking coefficient and hence bond strength between
the atoms. It was determined from the EP and PDOS calculations that due to the shift in
the electron density towards the more electronegative species or in other words due to
the phenomenon of charge re-distribution because of Sn adsorption, there is an
accumulation of negative charge on or near the surface carbon atoms which results in

NEA and lower WF at the surface of diamond (100).
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Chapter

An Investigation into lithium based surface termination and the
mobility of Lithium atoms on the diamond surface at various annealing
temperatures.

Summary

Most of the material for this chapter has been taken from the publication;

S. Ullah, L. Cullingford, T. Zhang, J.R. Wong, G. Wan, M. Cattelan, N.A. Fox, "An investigation into
the surface termination and near-surface bulk doping of oxygen-terminated diamond with lithium at
various annealing temperatures”, MRS Adv. (2021).

These manuscript were written through contributions of all authors as mentioned below. All
authors have given approval to the final version of the manuscript.

Sami Ullah: Investigation, Methodology, Conceptualization, Software, Visualization, Writing -
original draft. L. Cullingford: Investigation, Validation. T. Zhang: Investigation, Validation. J.R.
Wong: Investigation, Validation. Gary Wan: Validation, Resources, Writing - review & editing.
Mattia Cattelan: Conceptualization, Resources, Data curation, Writing - review & editing. Neil
Fox: Writing - review & editing, Supervision, Funding acquisition.

In this chapter, a chemical route for the surface termination of oxygen terminated diamond
with lithium atoms is presented enabling an investigation into the mobility of Li atoms on the
surface of oxygen terminated diamond at higher annealing temperatures. The work in this
chapter describes crucial pieces of information on Li based surface termination of diamond
which would be useful later in developing a tin and lithium (oxide) based heterostructure
termination of diamond, presented in chapter 6. Results in the form of spectroscopic techniques
(angle resolved X-ray photoelectron spectroscopy- ARXPS) have been presented to describe
the mobility or the movement of lithium near the surface of diamond (near surface bulk of
diamond) and how it would affect the physical and electronic structure of diamond at elevated

temperatures, a crucial piece of information that makes this a novel and insightful study.
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5.1 Introduction
Tuning of the electrical properties of diamond by controlled doping of elements like

oxygen, nitrogen, lithium, sodium or boron [51-52], has multiplied the interest in
diamond research. Li-doped diamond films are believed to be a potential approach to
create n-type semiconducting diamond with low resistivity and room temperature (RT)
dopant activation. Theoretical studies predict the potential of Li to act as a shallow donor
[129-130]. The energy gap between the Li donor levels to conduction band of diamond
is less than 0.3 eV [131] but effective Li doping is very difficult to obtain. One of the
reasons for this is the low solubility of Liin diamond [132]. Researchers have previously
attempted to incorporate Li into the diamond lattice by the processes of implantation
[133-134], diffusion [135-136], and by gas phase in chemical vapor deposition (CVD)
[137-138]. Othman et al. [101] have demonstrated the possibility of doping diamond
with higher concentrations of dopants Li and N using lithium nitride suspension and
gaseous ammonia, respectively. Their method resulted in a higher concentration of both
species than those reported by previous diffusion and ion implantation studies, with no
lattice damage.

Besides, as discussed in the introductory chapter and as will be seen later, tuning the
conductivity of diamond, surface terminations can induce NEA (e.g. H, Cs, Li, etc.) and
hence provide ways to tune the WF.

Oxygenation also plays a role in WF changes, as has been found in the cases of Si
and Ge. Oxygen is also able to modify surface dipoles created by alkali metal
adsorption. In the case of diamond, the lightest alkali metal, Li, on diamond surfaces has
been observed to lower the WF of and at the same time form stronger bonds with the
surface than the heavier alkali metals.

This has been demonstrated by O'Donnell [100] who performed the first ab initio

calculations for Li adsorbed onto the C(100)-2x%1 and C(100)-1x%1:0 surfaces. The results
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showed a large NEA and high binding energy per Li atom for the system consisting of a
full monolayer of Li, adsorbed on a fully oxygenated diamond (100) surface. These
results indicate that the properties of Li adsorption on diamond generally agree with
those of heavier alkali metals on silicon, diamond, and germanium. O’Donnell
demonstrated the formation of a stable Li-O termination of diamond by physical vapor
deposition of a monolayer of Li on the diamond surface which develops and exhibits NEA
even at an elevated temperature of 800 °C [77] as has been mentioned in chapter 2.

The aim of the research reported in this chapter is to demonstrate an alternative method
for the introduction and coordination of Li atoms with oxygen atoms on the diamond
surface to establish a NEA. As mentioned earlier the introduction of Li atoms into
diamond lattice has been demonstrated [101], but here the exploration is concerned
with the novel and facile chemical means to realize a more controlled approach of
creating a stable —O-Li dipole which will lead to NEA condition uniformly over the
diamond surface. This study would also pave a way to visualize for the first time the effect
of temperature on the concentration of Li atoms in the diamond and on the Li-O species
on the surface of diamond sample which is crucial to forming a heterojunction based on
Sn and Li on oxygen terminated diamond surface with a purpose of forming an enhanced

and effective functional diamond surface.

5.2 Materials and Methods
Boron doped polycrystalline diamond (BDD) with dimensions of 10X10 mm, 0.6 mm

thickness and HPHT Nitrogen doped single crystal (111) with dimensions of 3X3 mm
and 0.3 mm thickness were used as the substrates. The process of nitrogen and boron
doping is described elsewhere [101].

The substrates were acid washed with a solution of sulphuric acid (H.SO,) and potassium

nitrate KNO; to remove any metallic contaminants present on the surface, this process
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also terminated the surfaces with oxygen [139]. The substrates were hydrogen plasma
treated in a microwave plasma at 900 °C for 2 min, followed by 2 min at 500 °C as
described in [57]. This served to smoothen the diamond surface and has been proven to
terminate the sample with hydrogen [60]. Lithium nitride (LisN), a source of Li, was
obtained commercially as a powder from CERAC (99.5% purity, 250 pum particle size). It
has already been established that the stability of LisN suspension with any oxygen
free liquid increases with an increase in polarity of that liquid, with chloroform being the
best of all [101]. So, a stable suspension containing 85 mg of Lithium nitride powder
suspended in a solution of 5 mg of polyoxyethylene ether (POE) in 5 ml
of chloroform was prepared. It resulted in a reddish-brown suspension which
was sonicated for 1 hour in an ultrasonication bath.

The surface quality of both diamond substrates was analyzed with Raman spectroscopy
for bulk damage to the sp® character or evidence of strong graphitization. The
lithium nitride solution was drop cast on the surface of both substrates at a volume
of 10 pL using a p-pipette. The substrates were mounted in the NanoESCA facility and
were annealed at different temperatures ranging from 500 °C to 850 °C under ultra-high

vacuum (UHV) conditions.

XPS measurements were acquired with samples at RT with a monochromatic Al Ka source
(1486.7 eV) in as prepared condition and after each annealing step. A pass energy of 20
eV was used, for an overall energy resolution of 600 meV. The angle between sample
and electron analyser has been set to 45°. After annealing at 750°C and 850° C
additional XPS measurements at more normal angle, i.e. 25° were acquired, allowing

more in-depth analysis of the sample.
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5.3 Results and Discussion

Raman Spectroscopy was employed to establish the extent of graphitization and defect
generation resulting from sample cleaning. Figure 5.1 indicates that there is no significant
loss of sp® property on the surface of the HPHT diamond. No signs of significant
graphitization or loss of sp® character was observed in HPHT diamond, however there is
a small peak around 1540 cm™, which corresponds to the defect clusters in BDD diamond
and could not be removed with acid washing. The acid wash did not create any visible

defects while getting rid of the surface impurities and graphitized portions.
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Figure 5.1: a) Raman spectra of HPHT Single crystal; b) Raman spectra of Polycrystalline
Diamond using 785 nm laser. Black and red spectra represent before and after cleaning,
respectively.

XPS gives us qualitative and quantitative information of the sample surface such as
percentage composition and oxidation state of surface species. Figure 5.2 a) and b) show
the O1s and Li1s peaks at different annealing temperatures. The deconvolution of the
O1s peaks reveals the presence of a mix of ether and carbonyl bonds (a problem that we
will discuss in chapter 7) while another peak for metal oxide can be seen at a lower
binding energy of 530.8 + 4 eV which can be attributed to lithium oxide group (Li,O)
[140]. At higher annealing temperatures we see a decrease in the peak area of O1s,
indicating loss of oxygen. The metal oxide peak increases in area at 650 °C and thereafter

starts decreasing at higher temperatures.
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Figure 5.2: a) O 1s peaks and b) Li 1s peak; showing deconvoluted peaks at various
annealing temperatures.
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However, some of the oxygen is still retained at 850 °C which points towards the stability
of oxygen terminated diamond surface as the oxygen doesn’t completely escape with

metal atoms but binds to the carbon atoms on the surface of diamond.

A similar trend can be seen in Li1s peaks where a deconvolution of the peak reveals the
presence of ionic Li* component along with another low binding energy (B.E.) peak which
can be attributed to the metallic Li diffused into the near surface bulk of diamond.
However, this point cannot be proven by mere analysis of Li1s peak. For this reason, the
ARXPS was performed in which the sample was tilted to an emission angle of 25° (to the
normal of the sample surface) where it is less surface sensitive (LSS position) as
demonstrated in Figure 5.3 a). Figure 5.3 b) and c) reveals the deconvoluted C1s peak
at the annealing temperatures of 750 °C and 850 °C with XPS emission angle of 45°
(slightly more surface sensitive, MSS) and 25° (LSS). The peak deconvolution at 750 °C
reveals the presence of a diamond peak (boron doping) at 284.6 eV [57], a peak for
single bonded carbon (-C-O-) at 285.6 eV and another peak around 283 eV which was
attributed to the metal carbide bond [141], in this case [-Li-C-], although the peaks are
very small with considerable uncertainty in the peak areas. The contribution of the metal
carbide peak in LSS mode was found to be 2.04% of the total peak area while in the
surface sensitive mode it was just 0.13% of the total peak area (a difference of more
than 90%). This is interesting as it can be true only if Li has diffused into the near surface
bulk of diamond. Othman et al. have demonstrated the successful co-doping of Li-N in
the diamond crystal [101] using the same chemical process of Li deposition. Hence a
stable interstitial doping [130] of the substrate with Li atoms at higher annealing
temperatures is demonstrated along with the formation of stable Li-O- termination of
diamond surface using the chemical route. A similar trend is seen when the sample is

heated at 850 °C annealing temperature where the peak area of -M-C- peak in BS mode
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Figure 5.3: a) ARXPS showing (LSS) and (MSS) modes at 25° and 45° to the normal of
the sample. b) ARXPS of C1s peak in the LSS mode (25°) and MSS mode (45°) at 750 °C.
¢) ARXPS of C1s peak in the LSS mode (25°) and MSS mode (45°) at 850 °C.
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is more than 5% than in SS mode which shows that at 850 °C the Li in the bulk positions
have diffused out to the surface. At 850 °C, the metal carbide peak in Figure 5.3 c) can
be seen to decrease in area. At 850 °C, however, the significant decrease in the peak
areas of O1s and Li1s in Figure 5.2 a) and b) is seen which was attributed to not only
the expulsion of Li atoms from within the near surface bulk of diamond but also the
desorption of Li-O- groups from the surface. This represents the complete dissociation
of C*-(O-Li) structure on the surface of diamond, which is further strengthened by the
fact that C1s peak is also seen to saturate towards ~285 eV with maximum intensity.
The O1s peak can also be seen again shifting towards higher binding energy with
decreased intensity (expulsion of O and Li from the surface) at the same temperature, a

point that will be discussed later.

The discussion on the peak areas can be summarised by Figure 5.4 a) and b) in the form
of the stoichiometric ratios between O:C, O: Li and C: Li for both samples. These were
calculated by normalising the photoemission line areas by the relative sensitivity factors
and plotted at different annealing temperatures from RT to 850 °C. The bar diagram
shows that as the annealing temperature is increased, the Li:C ratio increases from 500
°C to 650 °C and then decreases slightly to 750 °C and then significantly at 850 °C both
in LSS and MSS modes. It can also be seen that N doped diamond shows more stable
response to higher annealing temperature than B doped polycrystalline diamond. This
could be due to many grain boundaries which can affect the incorporation and diffusion
of Li into the near surface bulk in polycrystalline diamond than in single crystal diamond.
The O:C ratio has been seen to decrease with annealing temperature while Li:O first
increases and then decreases beyond 750 °C. A similar trend has been seen in case of

nitrogen doped HPHT diamond. This phenomenon is explained in the discussion section
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of this chapter after the important and crucial findings have been discussed first. Figure

5.5 b) shows the B.E. shift of C1s, O1s and the C:O relative shift.
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Figure 5.4: a) The relative intensities of Li:C, O:C and Li:O ratios; for Boron doped
polycrystalline diamond. b) Relative intensities of Li:C, O:C and Li:O ratios for Nitrogen
doped single crystal diamond.

A peak shift occurs due to the formation of surface dipole between the higher

electronegative species O and the lower electronegative C atoms which results in the

85



Sami Ullah University of Bristol, UK

formation of C+ - O dipole as demonstrated in figure 5.5 a). When Li atoms interact with
O it results in the transfer of more charge and hence negative potential on O atoms which
leads to a lower B.E. as can be seen in the figure 5.2 a) and figure 5.5 b) where peak
shifts of O have an upward trend. A similar trend can be seen in C atoms. The Li diffusion
into the near surface bulk region of diamond would increase the electric potential on the
C atoms and hence a shift of C atoms towards lower B.E. (this can also be seen as an
upward trend in C1s shift in figure 5.5 b). A plateau was seen in case of C1s peak shift
at the annealing temperature of 650 °C which indicates a saturation point has been
reached. O atoms reach their maximum shift at 650 °C, thereafter the shift decreases
slightly. This can be interpreted in the following way. The near surface bulk of diamond
reaches a saturation point of retaining Li atoms at 650 °C which continues through 750
°C while the maximum interaction occurs between Li and O atoms at the surface at 650
°C indicating the formation of a sub monolayer of -O-Li- termination (Li,O) on the surface
of diamond. After 750 °C, the Li atoms start coming out of the diamond bulk and at the
same time Li-O- surface groups start desorbing from the surface resulting in the shift of
C1s peak towards higher B.E. (a downward trend in B.E. of C1s). Similarly, the surface
bonded O also shifts slightly towards higher binding energy due to Li leaving the surface
along with the desorbing O atoms at higher annealing temperature of 850 °C. The shift
and asymmetry in C1s peak of diamond surface with functionalisation has been attributed
to the surface band bending and surface state formation. This can be calculated using
Maier’s approach [66]. Using the B.E. of the C1s bulk core level component and the fixed
energy separation of 283.9 £ 0.1 eV between the VBM and the C1s core level, the VBM
values at various annealing conditions were calculated as shown in figure 5.5 c). CBM
was calculated by adding experimental band gap value of 5.47 eV to the VBM. There is
a slight upward band bending of 0.05 eV at annealing temperature of 650 °C at which
saturation of Li-O bonding and Li diffusion into near surface diamond bulk occurs which
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Figure 5.5: a) O-C dipole representation of the diamond surface showing the dipole
between C-O due to charge transfer between the species. b) O1s, C1s and C:O relative
shifts showing a saturation point at 650 °C and significant changes at 850 °C as
explained. ¢) The band structure of diamond showing the position of VBM and CBM at
500°C, 650 °C and 850 °C.

then bends again downwards (similar to the XPS peak shift) at 850 °C due to the
expulsion of Li atoms from diamond bulk and desorption of Li-O- groups from the surface.
This upward band bending due to Li diffusion could be detrimental to some of the

properties of the diamond surfaces intended for their use in thermionic emission or other

cleaner energy production use.
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5.4 Discussion
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Figure 5.6: The process of O-Li adsorption and Li diffusion into the near surface diamond
bulk at the initial annealing temperatures and desorption of -O-Li- groups at higher
annealing temperatures.

A possible explanation summarizing the results obtained could be, as diagrammatically
shown in figure 5.6, that initially upon annealing at 500 °C, Li starts to break out of the
solution and starts bonding with the oxygen which is present on the surface of the
diamond. These are bonded as a mix of ether and carbonyl bonds to form a -O-Li-
termination (Li;O) on the diamond surface. The existence of solely ether or ketone
terminated diamond surface is far from the achievements in this very field of research.
The ether and carbonyl bonds each have their own effect on the surface structure and
properties of the diamond surface [142] as has been seen in the DFT studies mentioned
in the chapter 4. Hence in order to have a very discreet study of any metal termination
(or even oxygen termination) on the surface of diamond and to achieve distinct properties
based on different differently bonded surface oxygen, we need to focus our research on
exclusively forming either an ether terminated oxygen surface, or a ketone terminated

diamond surface or find some ways to transform either of the two into one type of oxygen
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termination. Some of the Li atoms enter the interstitial sites inside the near surface
diamond bulk and impart negative potential to the C atoms. As annealing temperature
increases to 650 °C the Li-O bonding reaches saturation, and we see a change in C1s
peak shift and band structure changes. The stability of Li termination on the surface of
diamond and Li atoms inside the diamond bulk has been established before [58, 101].
No change occurs at 750 °C until the annealing temperature is further increased to 850
°C where the Li which is mobile inside the diamond lattice [101, 130] starts diffusing and
forms -O-Li groups many of which desorb at the same temperature from the surface
[119]. Thus, a chemical route of creating O-Li termination on the surface of diamond and
diffusion of Li atoms into the near surface bulk, was determined. This was stable and

existent up to 850 °C.

An increase in the surface conductivity can be expected with increasing Li concentration
in the near surface bulk as a shift in the VBM and conduction band minimum was seen
(figure 5.5 c). Moreover, Li also increases the electron density near the surface of the
diamond and hence changes the surface conductivity as well. This trend can be seen up
to 650 °C and falls drastically at 850 °C at which point the Li has almost fully desorbed

from the near surface bulk of diamond as seen in Figure 5.3 c).

Lithium and lithium oxide termination of diamond has been shown to induce NEA on the
surface of the diamond and hence decrease the WF significantly up to a temperature of
800 °C [6, 119]. Hence, a decrease in the WF of the diamond surface in our sample up
to 750 °C, is expected. Up to this temperature O-Li bonds are stable on the diamond
surface before they desorb at 850 °C. This provides an insight into the stability of Li on
the surface of oxygen terminated diamond. Li and lithium oxide termination of diamond
hence are unstable beyond 750 — 850 °C temperature regime which is one of the crucial

points that needs to be considered for any future into lithium-based termination of
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diamond. As we will discuss in chapter 6, the stability of Li (and hence its oxide form) is
increased by the inclusion of Li atoms into the heavy metal oxide layers which in our case
is SnO on the surface of diamond. This point can perhaps be generalised to all the alkali
metals and heavy metal oxide based heterostructures on the surface of diamond or other
substrates as well which point not only towards the increased stability of alkali metals on
the surface of substrates (like diamond) but also present surprising properties such as
ultra-low WF, increased secondary electron yield, decreased surface roughness, etc. Not
only that, with this piece of study a new research area of intercalated alkali and heavy
metals (and their oxides) opens up for the efficient and more stable surface termination

of wide band gap substrates like diamond.

5.5 Conclusion
The interaction between Li, O and C species on the surface of diamond was visualised

with increasing annealing temperature. This study is motivated by a need to identify a
temperature-stable metal oxide functionalised diamond surface for use in vacuum
thermionic energy converter devices. The possible intercalation of Li inside the diamond
sample has also been demonstrated. Li was shown to reach the surface of the diamond
crystal as the temperature is increased to form a stable ethyl termination up to 850 °C.
This is a novel and easy chemical approach of forming such terminations as previously it
has only been demonstrated using PVD methods. This work has been able to confirm O-
Li functionalisation by this method from the relative intensity and shifts in XPS peaks
from XPS analysis of BDD and Nitrogen doped HPHT single crystal samples. Such findings
could serve as an insight into the alloy termination of diamond with alkali and other
higher order metals, some of which (e.g. Sn,Lis) have been predicted to lower the WF

significantly.
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Chapter

Structure and electronic properties of Tin monoxide and lithiated tin
oxide terminated diamond (100) and its comparison with lithium oxide
terminated diamond

Summary

Most of the material for this chapter has been taken from the publication.

S. Ullah, G. Wan, C. Kouzios, C. Woodgate, M. Cattelan, N.A. Fox, "Structure and electronic properties
of Tin monoxide (SnO) and lithiated SnO terminated diamond (100) and its comparison with lithium
oxide terminated diamond", Appl. Surf. Sci. 559 (2021) 149962.

These manuscripts were written through contributions of all authors as mentioned below. All
authors have given approval to the final version of the manuscript.

Sami Ullah: Investigation, Methodology, Conceptualization, Software, Visualization, Writing -
original draft. Gary Wan: Validation, Resources, Writing - review & editing. Christos Kouzios:
Investigation, Writing - review & editing. Cameron Woodgate: Investigation, Validation. Mattia
Cattelan: Conceptualization, Resources, Data curation, Writing - review & editing. Neil Fox:
Writing - review & editing, Supervision, Funding acquisition.

In this chapter, an introduction to the metal oxide and heterostructure based terminations of
diamond has been presented along with the techniques to experimentally perform such studies.
The Lithium oxide-based termination, tin monoxide based termination and tin/lithium oxide
(heterostructure) based terminations have been realised (experimentally formed) on the
surface of diamond, leading to the negative electron affinity and lower work function on the
diamond surface. A solution to the much-debated issue of “reliably” forming tin monoxide
rather than tin dioxide (a more stable form of tin oxide) is presented. It has been established
that heterostructures based on alkali and heavy metal alloys on the surface of diamond
presented an interesting interaction that not only led to the interesting properties but also the
improved stability of alkali metals and improved electron emissions from the surface of
diamond which is a remarkable outcome that opens a new chapter, in the diamond research,
of heterostructure based terminations of diamond. All of this has been shown to be an outcome

of advanced spectroscopic techniques on NanoESCA platform at the University of Bristol, UK.
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6.1 Introduction
In chapter 4, it was established theoretically that the Sn atoms form an effective NEA

imparting termination of diamond (100) surface with QML and HML coverages more
dominant in terms of stability. There is a predominant covalent nature between the Sn
and surface C, O atoms, hence stronger bonding. A QML of Sn on bare diamond has
resulted in NEA with a large adsorption energy while a HML of Sn on OTD has resulted
in much larger NEA and adsorption energy which is expected due to the fact that oxygen
inclusion increases sticking coefficient and hence bond strength between the atoms.
These positive insights encourage the deposition of Sn on the surface of diamond and
the observation of NEA and WF using the physical deposition methods and novel

spectroscopic techniques, respectively, as will be discussed later.

As has been discussed earlier various metal terminations have produced interesting
results on the surface of diamond. Hydrogen termination has been demonstrated to
impart a NEA value of -1.3 eV measured experimentally to the diamond surface [57, 60,
143]. However, besides being widely studied, hydrogen terminated diamond surface
suffers from the problem of instability due to hydrogen desorption at higher temperatures
[11]. When either H desorbs or is replaced by O, the NEA character is lost. Another
problem with hydrogen terminated surfaces is water adsorption on H-terminated surfaces
which leads to charge transfer and hence upward band bending [144- 145] which again
causes loss of NEA. As an alternative, a monolayer or sub monolayer coverage of some
of the electropositive group | and Il metals [68, 69, 146, 147] and first row transition
metals (TMs) [70, 71, 118, 120, 148] on the bare and oxygenated diamond surface have
been found to be a suitable candidate for diamond surface termination. Since most of
these metals do not form a stable monovalent bond with the surface C atoms, hence
oxygen termination on diamond (OTD) surface becomes necessary as O inclusion

increases the sticking coefficient between the surface species. The key here is to induce
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stronger bonding between the metal layer and the underlying diamond surface and hence
a large surface dipole. In other words metal oxygen and carbon oxygen bonds have been
found to be stronger and highly stable than metal carbon bonds [74, 75]. All other metal
terminations like Cs, Al, transition metals, etc., although result in NEA and lower WF, but
face the similar problem of instability at elevated temperatures. However, as has been
mentioned in chapter 2, stable low WF surfaces in thermionic emission devices are
required to work at higher temperatures. Kane M O'Donnell [77] have been able to
demonstrate air stable lithium (Li) -O terminated NEA diamond surface successfully with
controlled atomic layer coverage and stability at 800 °C. However, the problems
associated with Li such as explosive nature, instability beyond 800 °C, entering the near
surface bulk sites of diamond thereby changing the diamond properties demand
developing investigating novel non-toxic, eco-friendly, non-risky, abundantly available
element (metal) for diamond surface termination which is tin (Sn). Not only that these
problems also demand developing methods to increase the stability of Li on the surface

of diamond.

Tin (Sn), a same group element with Si and Ge, being a novel termination that we explore
in this study has been ignored as a potential candidate for the studies on metal and metal
oxide termination on the diamond surface. Recently, Si termination on diamond (100) has
been found to result in an NEA of 0.86 * 0.1 eV while Ge terminated diamond has
resulted in an NEA of 0.71 eV. However, Si terminated diamond is unsuitable for the
ambient environment due to its high reactivity and any application in the atmospheric
environment would need a protective SiO, coating on the top. Tin and Tin oxide
(monoxide) is expected to modify the surface structure of diamond and enhance the
electronic properties of diamond as the theoretical DFT based investigation has already

revealed in chapter 4. As a known fact and as mentioned before in the same chapter,
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SnO is a capable and promising p-type semiconductor with an experimental, small indirect
bandgap of 0.7 eV [81] and a direct energy gap that ranges from 2.5 to 3 eV [82], Sn is
abundantly available with non-toxic nature. Sn vacancy has been found to be the main
source of p-type nature of SnO which can be altered by proper doping. On top of that in
the bulk form Sn, alloyed with alkali metals (Li, Na, etc.) in a specific stoichiometric ratio
has been found to possess ultra-low WF in bulk form e.g. Sn,Lis has been found to

possess a WF of 1.25 eV [83].

Moreover, it has been found theoretically that lithiation of pristine SnO layers results in
the formation of stable layered “sandwich type” structure with Li,O layers in between the
Sn atomic planes [88] which makes it interesting to explore experimentally as well. Such
stable structures combined with or on top of the diamond substrates and their interaction
with the diamond surface would be an interesting area to investigate with the purpose
to demonstrate a highly stable and high temperature resistant, NEA imparting termination

on the surface of diamond which is the scope of this chapter.

The possibility of depositing SnO as a stable and efficient NEA imparting termination on
the surface of diamond (100) is investigated experimentally, supporting the important
results with the data from the theoretical investigation using the DFT code. It is also
demonstrated that stable SnO is formed on the surface of diamond (100), reliably, by
PVD technique, shedding light on heavy metal oxide terminations and their effect on
electron affinity. Reliable formation of a stable SnO layer and discerning it from the SnO,
(a widely studied and more stable form of tin oxide) has been deemed as one of the
unfulfilled goals in this aspect of material research as the surety of obtaining a phase
pure SnO has been lacking due to non-availability of a reference. A range of surface
science techniques discussed in chapter 3 have been used to characterise the formation

of SnO on the surface of diamond.
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Using the similar techniques, the Li is deposited and its interaction with SnO is
investigated. Through a range of surface science techniques, we have characterised the

formation of SnO and SnO,/Li,O termination on the surface of diamond.

6.2 Methods

6.2.1 Diamond preparation
High Pressure High Temperature (HPHT) boron doped single crystal diamonds (purchased

from Element Six (145-500-0248 and MM 111/4010) with a boron doped layer on top
was used in this experiment. Boron doped layer was grown in hot filament chemical vapor
deposition reactor, described in chapter 3, using a gas mixture comprising H,, CH, (both
Air Liquide, Ltd) at a flow rate of 200 and 2 standard cubic centimetres per minute (sccm),
respectively, i.e. 1% CH, in H, and 5% B,Hs in H, (BOC Group, plc) with a flow rate of
0.1 sccm for epitaxial B-doped layers on single crystal diamond. The treatment was
carried out for 60 minutes at a pressure of 20 Torr and a temperature of ~2300 K which
enables a deposition of a good quality diamond thin film at a growth rate of ~0.5 umh™.
BDD overlayers grown in the same reactor under the same conditions has previously
been shown to contain a boron concentration of up to ~10%° cm™, measured from a
depth profile using secondary ion mass spectroscopy [149]. The cleaning of the sample
surface along with hydrogen termination was done by microwave plasma method,
described in chapter 3, using a pure hydrogen plasma at 900 °C for 2 minutes, followed
by another 2 minutes at 500 °C as described in [57]. The samples were treated with
ozone for 30 minutes to render it O-terminated which was later made evident by XPS

analysis.

6.2.2 Ultra-high Vacuum techniques

The film deposition and analysis of the sample were carried out completely under Ultra-

high Vacuum (UHV) conditions in interconnected chambers described in chapter 3.
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Before starting any analysis or deposition, samples were cleaned by annealing the sample
at a temperature of 300°C for 60 minutes under UHV conditions to remove water and

adventitious carbon contamination [150].

6.2.3 Thin film deposition

Sn metal deposition was achieved by e-beam deposition, as described in chapter 3. Tin
granules were evaporated from a molybdenum crucible. The thickness calibration was
optimized by a quartz micro-balance. 0.8 ML of tin was deposited at a temperature

(substrate) of 327 °C on the surface of diamond (100).

Li deposition was achieved using a thermal evaporator, as described in the same chapter
(3) which consisted of a boron-nitride crucible resistively heated by a tungsten filament.
A thermocouple was present in the evaporator to monitor crucible temperature. The

crucible deposition temperature was set to 410°C.

Molecular oxygen dosing was performed at an oxygen pressure of 1.5 X 10° mbar.
Atomic oxygen dosing was achieved by dosing O, trough a gas cracker at 1.5 x 10®

mbar.

6.2.4 Analysis methods

A series of surface analyses were performed at each step of the sample preparation, i.e.
X-ray photoelectron spectroscopy (XPS), Spot profile analysis — Low energy electron
diffraction SPA-LEED, Ultra violet photoelectron spectroscopy (UPS), WF maps, Angle
resolved photoemission spectroscopy (ARPES). All of these techniques are individually

described in chapter 3.

XPS was carried out using a monochromatic Al K, source (1486.7 eV) and the electron

analyser at 45° to the sample normal.
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SPA-LEED was used with electrons at 100 eV to investigate the surface roughness and

reconstructions.

UPS and full wave vector ARPES were carried out using monochromatized He | and He I
sources with energy of 21.2 eV and 40.8 eV, respectively. WF mapping was done using
a non-monochromatic mercury (Hg) lamp source of =5.2 eV. WF maps of the samples
were generated from fitting EF-PEEM images close to the WF cut-off edge, using a pixel-

by-pixel sigmoid fit. The lateral resolution of the WF map was less than 150 nm.

6.3 Results and discussion
Here the results are presented in the form of XPS, SPA-LEED, UPS, WF data. A very brief

introduction to the main techniques used in this chapter (and as discussed in chapter 3
in detail) are presented here. XPS, a core level spectroscopic technique, helps to analyse
the top few atomic layers of the diamond surface qualitatively and quantitatively. It also
helps to determine the stoichiometry of the surface species along with nature of the
dipole formed on the surface of diamond. SPA-LEED gives information on the surface
structure of diamond in the form whether there was any surface transformation or more
specifically surface reconstruction due to metal adsorption. It also helps to determine the
quality of the film produced on the surface of diamond. UPS and ARPES aids in
determining the band structure, hence revealing electron affinity and band bending due
to metal deposition on the surface of diamond while WF maps help to determine the WF
of the surface and determine any transformation of the surface due to metal film

deposition.

Some of the important results from the DFT calculations, performed in chapter 4, are
presented here briefly at various places to support the XPS and WF data on SnO
terminated diamond. The XPS and UPS data for Li-O-terminated diamond are also

presented here briefly as this work has been done already in detail [6, 151], to compare
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it with SnO- terminated and SnO,/Li,O-terminated diamond surface. The differently
terminated surfaces will present different photoemission properties with Li-O-terminated
diamond already known to possess NEA [58, 151] while SnO terminated diamond and

SnO,/Li,O terminated diamond will be a new exploration.

6.3.1 Lithium oxide terminated diamond
Li was deposited on oxygen terminated single crystal diamond (B-doped C(100)-(1x1):0)

[152] in different conditions, at RT and subsequently annealed at 500 °C and 800 °C.
Quantitative XPS information shown in Table 6.1 shows that the Area % of Li was reduced
by the 60 minutes 500°C annealing, and completely removed by a 15 minute 800°C
anneal. Oxygen was also largely removed at 800°C, indicating that the carbon-oxygen
bonds were broken rather than the Li-O bonding due to a small amount of oxygen

remaining with no detectable Li remaining.

To understand the process of O-Li adsorption and removal with annealing temperature
on the surface of diamond, component analysis of the oxygen peak is shown in figure
6.1. A component at low binding energy is linked to the O-Li peak in figure 6.1 b). The
component became the most relevant after annealing at 500 °C implying that the lithium
is distributed on the surface, however SPA- LEED acquisition (Figure 6.2) shows no new
visible reconstruction other than the same B-doped C(100)-(1x%1):0, which could mean a
(1x1) reconstruction or amorphous layer on the surface which is counter-intuitive as Li
has been found to form (2x1) reconstruction on the surface of diamond (100) [77, 151].
However, we believe it to be retention of (1x1) reconstruction, in which LiO groups form
nanoclusters of islands on the diamond surface which doesn’'t cause surface
reconstruction, rather than an amorphous layer due to the fact that 500 °C is too high of

an annealing temperature for an amorphous LiO layer to exist especially when we see
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much of excess Li going away (expelled) at such a high temperature and due to the fact

that the surface species are expected to form a pattern at such temperature.

Table 6.1. Quantitative XPS survey peak information showing that the amount of Li is
reduced by the 500°C anneal and removed by the 800°C anneal.

Sample Peak Area %
O1s 6.4
Pre Li C1is 93.6
Li 1s -
O1s 8.67
Li Deposited Cis 80.35
Li 1s 10.98
O 1s 5.26
500 °C Anneal C1is 87.88
Li 1s 6.68
O 1s 0.51
800 °C Anneal C1is 99.49
Li 1s -
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Figure 6.1: XPS Oxygen 1s peaks with fitted components showing all changes in size,
shape and position in a) Pre Li, b) Li deposited, c) 500°C anneal, d) 800°C anneal and e)
Li peak shape changes with annealing temperature. f) UPS spectrum for LiO terminated
diamond.

Figure 6.2: SPA-LEED images of a) Oxygen terminated diamond; b) Li,O terminated
diamond after annealing temperature of 500 °C for 1 hour revealing 1 X 1 reconstruction
of the surface. SPA-LEED was taken with an electron energy of 100 eV. The 1 X 1 spots
are marked by the white circles, while the intensity of each spot was measured along the
white dashes at the respective points. Spa-LEED images show the order at the surface is
retained after SnO termination on the surface of diamond and also after Li deposition.
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With 500°C annealing the component peaks shift towards the higher binding energies
with a large apparent O-Li component at 530.9 + 3 eV [140] while Li is at 56 eV [119].
During the annealing, heating evolves ‘bulk’ lithium with a different bond energy to Li-O,
perhaps approaching a sub-monolayer, evidence of which can be seen in the reduction

of Li peak intensity and area in Figure 6.1 e).

6.3.2 Tin oxide terminated surface
In order to analyse the SnO,/Li,O terminated diamond structure later, first we have to

study the formation of SnO on the surface of diamond. DFT calculations have revealed
the possibility of terminating the diamond (100) surface with Sn atoms and the suitable
configurations of Sn on OTD, worthwhile to be repeated here briefly. It was seen that Sn
produces NEA on the surface of OTD (100) in nearly all configurations. Larger adsorption
energies were obtained at QML (0.25 ML) and HML (0.5 ML) of Sn on oxygen terminated
diamond (both ether and ketone of oxygen termination were considered). Sn was seen
to prefer a position on top of oxygen rather than in between (bridge) the two oxygen
atoms. A very low adsorption energy was obtained with the FML (1 ML) of Sn on diamond
which could be because of the large size of Sn atoms and increased electrostatic
repulsion between them, hence no bonding occurring between the Sn atoms and the
surface C atoms of diamond. The two most stable configurations of Sn in QML and HML
configuration can be seen in figure 6.3. An NEA of -1.37 eV was obtained with an E, of
-6.03 eV at HML of Sn on top of carbonyl oxygen atoms while an electron affinity (EA) of
0.16 eV with an E, of -6.45 eV was obtained for QML of Sn in the same configuration.
However, for a QML of Sn i.e., 1 Sn atom, on top of OTD (ether terminated), an NEA value

of -0.86 eV was obtained with an E, of -5.9 eV.
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Side View Side View Side View

Top View Top View Top View

Figure 6.3: Geometry optimised output structures showing a) QML (1 atom) of Sn on the
oxygen (ether) terminated diamond which has resulted in no surface reconstruction. b)
QML (1 atom) Sn on the oxygen (ketone/carbonyl) terminated diamond the breaking of
ketone bond has resulted in the surface reconstruction between the C atoms. ¢) HML
where 1 5n is in between the two O (ketone) atoms hence resulted in reconstruction (or
C-C bond) on the surface whereas the other Sn atom in on top of another O atom. All of
these configuration show NEA with a large E.. This figure is reproduced with colour
modification from chapter 4.

6.3.3 Deposition of Tin on OTD

Sn was deposited using e-beam deposition technique at a temperature of 327 °C on the
surface of OTD (100) which is slightly higher than the melting point of Sn, increasing the
possibility for the rearrangement of Sn atoms on the surface of diamond. A quartz
microbalance was used to optimise the sub monolayer deposition of Sn on the surface

of B-doped C(100)-(1x%1):0.

Initially after the deposition, a metallic peak of Sn was observed at a lower binding energy
of 484.9 eV [153] along with an oxide peak at a higher binding energy of 485.5 eV
[154]. The presence of the two peaks implies partial oxidation of thin sub monolayer Sn
film or clusters to form SnO nanocluster (oxides) on the surface of diamond (100) as Sn
has been shown to form nano-oxides on the surface of other substrates e.g. Pt [155] in
different patterns. The ideal case in our study would be to form a continuous layer of

SnO on the surface of diamond.
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Figure 6.4: XPS of the sample at each process step showing a) Transition of Sn from
metallic and oxide combination to pure oxide phase using oxygen cracking and annealing.
b) Change in Oxygen peaks during the process. We have a peak for metal oxide and an
oxygen vacancy peak at 530.5 e/ and 531.3 eV [7].

The sample was initially annealed at 600 °C for 60 minutes without any significant
changes in the film. Atomic oxygen exposure by oxygen cracking was found to be the
most effective method in our experiments to transform metallic Sn into SnO than the
molecular oxygen exposure. The sample was exposed to the atomic oxygen (oxygen
cracking) for 70 minutes at a pressure of ~10° mbar at the RT and then annealed at 500
°C for 60 minutes again. As can be seen in figure 6.4, the presence of a O 1s component
at lower binding energy along with the Sn3d oxide peak confirms the controlled
formation of SnO termination on the surface of diamond, while another oxygen vacancy
peak, responsible for the p-doping of SnO film, at slightly higher binding energy has been
reported by B. E. Park et al. [7]. Oxygen vacancies are point defects and contribute to the
high conductance of metal oxides due to being a source of excessive electrons. Tin oxides
(SnO,) are known to exhibit intrinsically high amounts of oxygen vacancies due to the
multivalence of Sn cation [7]. We believe that we have been able to form SnO rather than
SnO; on diamond (100) due to the presence of Sn4d spin orbit doublet and the fact that

any further process (Li deposition and annealing in our case as described in the next
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section) results in the Sn4d spin orbit doublet retaining its shape for SnO adsorbed layers

as can be seen in figure 6.5, while as it transforms into a 4 peak structure for SnO,[156].

Annealing at 600 C for 1 hour post Sn deposition on OTD
Annealing in 02 at 600 C (1 Hour) post Sn deposition on OTD
Oxygen Cracking for 70 minutes

Annealing at 500 C for 1 hour post O cracking

After Lideposition for 20 minutes

Annealing at 400 C for 1 hour post Lideposition

Annealing at 500 C for 1 hour post Li deposition

Arbitrary Units

L L L I L] LELIL! I LI I I ) I LI L} I L m
35 30 25 20 15 10 5

Binding Energy (eV)

Figure 6.5: Sn4d spectra at various surface processes, confirms the presence of SnO
rather than SnO. on the surface of diamond. The presence and retention of Sn4d spin
orbit doublet (rather than 4 peaks as in case of SnO;) before and after introducing Li,
respectively, shows the presence of SnO rather than SnO, which is an important piece of
information and could serve as a reference for future research/ study into tin oxide-based
materials.

These results could serve as a reliable reference for SnO which has been lacking ever
since. Molecular oxygen was used to oxidise the sample along with annealing at a
temperature of 600 °C for 60 minutes, however it did not show any significant change.
This finding indicates that atmospheric conditions probably will not have a significant
effect on the SnO termination on the surface of diamond which indicates increased
stability of the termination in the ambient conditions. Stability is a necessary condition

for application in device fabrication outside the UHV environment.

In order to reveal the surface structure of the SnO terminated diamond or in other words
the changes in the surface due to SnO termination SPA-LEED was performed as described
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in chapter 3. The SPA-LEED data proves that the (1x1) reconstruction of the diamond
(100) is retained throughout the process. No other visible reconstructions are found. The
width and profile of the LEED spots in figure 6.8 shows the broadening of the LEED
spots after the SnO formation on the surface of B-doped C(100)-(1x1):0 diamond. This,
in our opinion, confirms the claim that SnO deposits as nanoclusters that just broaden
the diamond (100) LEED integral spots. The spa-LEED data is reinforced by the geometry
optimised structures obtained in case of both QML and HML of Sn on OTD in different
configurations. The reconstruction of the diamond (100) surface or in other words C-C
bonding was seen only in a few configurations e.g., in figure 6.3 b) where a carbonyl or
ketone bond exists between surface C and O. Sn bonds with the surface O, resulting in
the breaking of ketonic or carbonyl bond between surface C and O and formation of C-C
bond and hence a 2x1 reconstruction. In all the situation where surface O was bonded
in ether configuration to surface C, no reconstruction was seen. No reconstruction was
seen due to Sn-Sn bonding in case of HML coverage either which could be attributed to

the relatively bigger size of Sn and hence a repulsion as mentioned before.

In order to gain a firm understanding of the surface structure and bonding, the difference
in the electrostatic potential between OTD and Sn-OTD surfaces in different

configurations (i.e., ether and carbonyl) were investigated using DFT calculations.

Figure 6.6 a) and b) shows the electrostatic potential at the surface of ether terminated
diamond and when QML of Sn is added to it, respectively. A potential difference of 1.4
eV was obtained in this case which corresponds to the binding energy shift (AB.E.) of
1.07 eV in the surface C1s obtained experimentally. This along with the SPA- LEED
analysis makes us believe that Sn atoms have assumed a QML or HML coverage on the

ether terminated diamond.
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Figure 6.6: a), b) Electrostatic potential diagram showing variation of potential on the
surface of diamond from the bulk diamond in oxygen (ether) terminated diamond and Sn
(ML) OTD (ether) terminated diamond, respectively. ¢) XPS peaks for surface carbon
(C1s) showing the shift in XPS peak.

This might also indicate that Sn bonds weakly to the OTD surface, as has been seen in
case of Al also [76], as ether configuration has slightly lower adsorption energy than
ketone/carbonyl one. The bond length didn’t vary much between different configurations.
C-O Mulliken bond populations between 0.64 to 0.77 were obtained which is
significantly implies a single bond. Moreover, Mulliken charges on Sn and O atoms
indicate ionic bonds between the surface species (Sn and ether oxygen). As we move
from QML to HML, the nature of the bond changes from ionic to a covalent one and

hence more NEA, which generally happens with increasing the coverage of metal atoms
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on the diamond surface. HML, in our case, has been seen to give the maximum NEA and

the largest adsorption energy.

6.3.4 Lithium deposition on Tin monoxide terminated diamond
Lithium was deposited at RT on the SnO terminated diamond. The lithiation of pristine

SnO layers, as observed by A. Pedersen [88] in a theoretical study, results in the formation
of stable layered Li,O structure and the expelled tin atoms form atomic planes to separate

the LiO layers [88].

We have found that as soon as the lithium deposits on the SnO terminated surface of
diamond, the reduction of SnO occurs in which Li draws the oxygen atoms from SnO and
results in expelled Sn atoms which can be seen in the form of metallic peaks in figure
6.7, confirming the theoretical predictions made by A. Pedersen [88]. Table 6.2 sums up
the key results of stoichiometry of the key elements involved in the experiments
calculated from the relative peak areas which shows the formation of SnO initially on the
diamond surface and then Li,O/SnO, on the surface of diamond after lithium deposition
and annealing. Tin oxide in the last stage includes a defective oxygen stoichiometry likely
due to the oxygen deprivation as a result of lithium inclusion which is also seen in figure
6.7. The Li inclusion like H" bombardment in [7] is expected to reduce and eliminate the
oxygen vacancies (seen in the form of lowering and later disappearing of Ov peak size)
after annealing, as the mobile Li reduces SnOx. Thus, we have no peak for Ov, a large

peak for LiO group and another peak SnOx.

The formation of the Li,O/SnO, junction was facilitated by annealing the sample at 500
°C. The Li,O oxide peak increases at the expense of the non-stoichiometric component
at 530.5 eV; the Sn oxide peak at 531.3 eV decreases which results from the fact that
with an increase in temperature, the oxygen atoms are exchanged between Sn and Li.

The formation of Li,O and the release of metallic Sn atoms indicates the possibility of the
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formation of 2D planes between lithium oxide layers in a multilayer structure as has been

indicated by A. Pedersen [88].

. Li20 (56.49 eV)

After annealing at 500 °C for 60 minutes

(485.09 V)

(4586.41 eV)

After Li deposition

Li  (55.64eV) |

Binding Energy (eV)

Sn

Sn Oy (485.12 eV) |

(485.55 eV)

1 Sn Oy

| (486.34eV)

Figure 6.7: a) Lithium peaks (deconvoluted using U2 Tougaard background and FWHM
widths of 1.7 eV 1+ 0.1 eV for oxide peaks), b) Sn Peaks (deconvoluted using Shirley
background and FWHM of 1.8 eV * O.1 eV for oxide peak; As soon as Li was deposited,
lithium reduced the tin oxide giving a peak for metallic tin while also giving another peak
for lithium oxide. We can also see a clear peak for lithium oxide and SnO after annealing
at 500 °C which confirms the formation of Li.O/SnO, heterojunction. Only Li 1s and Sn
3d 5/2 peaks are shown for clarity.
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Table 6.2. Summing up the key stoichiometric ratios of the elements involved in the
experiment, calculated using the individual peak areas and their corresponding
differential photoelectron cross section.

Treatment Sn:0 | Li:O

As deposited Sn 1.25 | -

Annealing at 500 °C for 60 minutes post O cracking 082 -

Annealing at 500 °C for 60 minutes post deposition 3.35 | 235
Pederson et al. have theoretically realised the structures of Li;,,OSn, LiOSn, and Li,OSn
by lithiating the SnO layers at different lithium concentrations which has also shed light
on the volume expansions in the process. All of these three phases or structures have
been seen to maintain the SnO crystal structure with Sn planes surrounding the central
LiOy layer which challenges the previously thought idea of Sn atoms agglomerating into
clusters in LiO, matrix upon lithiation of SnO layers. This is relevant to our research as
this would mean non agglomeration and also decumulation or dispersal (if any) of SnO
clusters on the surface of diamond due to the inclusion of Li atoms and hence increased
uniformity of the Sn based thin layers on the surface of diamond. This could also open
the door for further research into the possible intercalation of Li atoms into SnO planes
in bulk form which would open novel chapters and lead to further insight into the research
area of energy storage especially Li ion battery research which is one of the major focus

of material scientists worldwide.

Spa-LEED (figure 6.8) data reveals no further reconstruction on the surface of diamond
(100) either due to SnO termination or heterostructure formation. This fact is also
enhanced by the spot width analysis which shows the broadening of the LEED spots due
to SnO and heterostructure termination without any surface reconstruction. It could be

attributed to the presence of a fine monolayer or a sub-monolayer nanocluster formation
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that doesn’t result in the surface carbon bonds or the elements of surface species to form

any new bonds that could change the surface structure.
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Figure 6.8: SPA-LEED images of a) Oxygen terminated diamond; b) SnO terminated
diamond ¢) SnO/Li,O terminated diamond after annealing temperature of 500 °C for 1
hour revealing 1 X 1 reconstruction of the surface. SPA-LEED was taken with an electron
energy of 100 eV. The 1 x 1 spots are marked by the white circles, while the intensity
of each spot was measured along the white dashes at the respective points. Spa-LEED
images show the order at the surface is retained after SnO termination on the surface of
diamond and also after Li deposition; d) Spot width analysis of oxygen terminated, SnO
terminated and Li,O/SnO, terminated diamond surfaces, obtained using the intensity
profile of each spot in figure 6.8 and then measuring the width at the centre of each
intensity peak, showing the increase in the width of the LEED spots which is typical of a
fine monolayer/ sub-monolayer layer nanoparticles (or nano-oxides /nanoclusters) which
Just broaden the LEED integral spots.

6.3.5 UPS data for Lithium oxide, Tin oxide terminated diamond and

heterostructure (tin oxide/lithium oxide) terminated diamond
He | UPS was performed after every process in order to have an ultra-surface sensitive

acquisition and determine the WFs. The WF can be also determined by fitting the EF-

PEEM image acquisitions close to the WF threshold (see figure 6.9). Within our lateral
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resolution of about 150nm we found homogenous change in the WF across the sample.
The particles on the surface, which broaden the LEED spots (Figure 6.8) are therefore
much smaller than our lateral resolution. Average WFs for various process steps for the
Sn 3d and Li 1s spectra are also shown in Table 6.3. This shows that WF is reduced when
Li is deposited and annealed at 500°C. The annealing further reduces WF by ~0.2 eV
due to possible removal of bulk Li as suggested from the XPS. WF reduces from 5.9 eV
to 3.93eV through the surface treatments. Figure 6.13 shows the UPS graphs of the LiO-
terminated, SnO and SnO,/Li,O terminated diamond surface at every step revealing the

WF of the material.

Table 6.3: Average WFs for various process steps for the Sn 3d and Li 1s spectra. Li
deposition was done on Sample 1 while other processes as mentioned were carried out
on sample 2. WF was calculated using averaging function on the WF maps.

Treatment WF (1)
Pre Li (Sample 1) 5.90
After Li Deposition (Sample 1) 4.12
500°C Anneal (Sample 1) 3.93
800°C Anneal (Sample 1) 4.55
Oxygen Terminated Diamond (Sample 2) 5.9
SnO Terminated Diamond
4.1
(Sample 2)
Li,O/SnO Terminated Diamond (Sample 2) 3.9
SnO,/ Li,O (Sample 2) / 500°C Anneal 3.6

At 800 °C, as has been seen in the XPS, much of the oxygen also goes away along with
all Li as Li-O resulting in the diamond being almost completely unterminated, hence an

increase in the WF.
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Figure 6.9: PEEM work-function maps of a) Oxygen terminated diamond before Li
deposition; b) Li-O terminated diamond; c¢) Oxygen terminated diamond before SnO and
Li deposition; d) Li-O/SnO, deposited diamond| revealing the homogenous surface/
termination with the lowest WF of < 3.9 eV. The field of view is cut because the WF is
different at the top and bottom of the image due to the parabolic energy dispersion done
by the two analysers in NanoESCA (PEEM).

The presence of NEA on LiO terminated diamond has been demonstrated earlier, however
in our case it was about -0.60 eV (calculated using equation 6.1 and VBM position from
UPS). A discussion on NEA and VBM will be discussed in next section. In case of SnO,/Li,O
terminated diamond surfaces, the WF reduces from 5.9 eV to 4.3 eV when only SnO was
deposited on the surface of diamond (100) which is due to the shift in the charge density
between the surface species in a way that imparts NEA to the diamond surface as can be

shown later. WF is further reduced to 3.9 eV when lithium is deposited on the surface.
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With an increase in annealing temperature to 500 °C, a WF of 3.7 eV was obtained which

is lower than O-Li terminated diamond at that temperature.

This further decrease in WF could be due to the loss of excess lithium during the
annealing process as seen in case of O-Li terminated diamond. Furthermore, we have
calculated the amount of lithium lost with annealing in both samples and it turned out
that 47% of lithium was lost at an annealing temperature of 500 °C for O-Li terminated
diamond while only 15 % was lost in the case of SnO,/Li,O terminated diamond (figure

6.10).
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Figure 6.10: Percentage of Li in the sample after various annealing steps which
demonstrates the relative stability of Li on oxygen terminated diamond and SnO
terminated diamond. This graph was obtained using the relative areas of the Li 1s and
Sn 1s high resolution peaks. As we can see stability of Li is stronger in case of Li-O/SnO,
terminated diamond than in the LiO terminated diamond. Also Li was seen to exist up to
71000 °C in the former case compared to the latter. This could give an insight into the
successful intercalation of Li into SnO planes as has been mentioned already.

This implies an increased stability of lithium on the surface of diamond with tin oxide.
This is also evidenced by the retention of Li by the sample with tin oxide even at a
temperature of 1000 °C, as can be seen in figure 6.10, while Li was totally lost at 800

°C in case of LiO terminated diamond. Another problem with LiO termination of diamond
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is that Li enters the interstitial sites at higher temperatures which was found earlier [101]
and in our study with a different sample as well, causing a significant amount of doping
and hence upward band bending in the diamond (100). This band bending can
significantly alter the bulk properties of diamond. With SnO terminated diamond, Li is
less likely to enter the diamond bulk due to the presence of heavy and large sized Sn
atoms present on the surface of diamond. This can be evidenced by a significant amount
of downward band bending in our samples with Sn as explained in the next section. This
can give more efficient termination of diamond with heterostructures for higher stability

and lower WF.

6.4 Discussion on VBM and NEA

ARPES was done near the top of the valence band to reveal the band structure of the
samples and to observe the band bending in the diamond surface due to the metal oxide
terminations. However, an increase in the background noise increases the difficulty in

visualizing the band structure as can be seen in figure 6.11.

a) b) c)

Al

Figure 6.1 1: a) ARPES for oxygen terminated diamond] the structure for the bulk diamond
is faintly visible in the centre. b) ARPES for SnO terminated diamond; no ARPES seen. c)
ARPES for Li>O/SnO, terminated diamond; no ARPES seen. ARPES was obtained using a
pass energy of 50 eV and scanning between B.E. of -0.5 to 4 eV with a step of -0.05 eV.
These figures were generated by averaging the intensity over the whole B.E.
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In spite of this, full wave vector ARPES allowed us to determine the VBM (VBM) position

more precisely [57], although it was determined using UPS and Maier 's method [34]

X=®+ta-E = ————— (6.1)

also, as can be seen in figure 6.12. The intensity at the centre of ARPES at various steps
was plotted against the binding energy (B.E.) which leads to the determination of VBM
position at the point where the signal dropped to the background level. The VBM position
found due to the above mentioned methods is presented in table 6.4 for comparison

with NEA calculated using the equation.

Where x is electron affinity, ® is WF, E is band gap energy and a is the difference between
fermi energy level and VBM. Since the VBM values obtained using full wave vector ARPES

are more precise, these were used to calculate the values of NEA.

Oxygen Terminated Diamond}
SnO Terminated Diamond]

As deposited Li _ SnO_Diamond]
Li20_SnO_Diamond]

T |

5 4 3 2 1 0 14 -2

Figure 6.12: UPS spectra of the diamond (100) showing the Fermi edge of the sample
at various process steps. The VBM position is determined by extrapolating the low
binding energy (leading) edge of the measured valence band into the measured
background. The background intensity is represented by the state free area in the band
gap. The intersection resulting as a result of the interpolation is assumed to be the energy
where density of states (DOS) reaches close to zero (0) i.e. VBM.
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Table 6.4. Electronic structure information at different terminations of diamond (100). *
indicates the values used for calculating the electron affinity (EA) value (by taking their
average). VBM was determined using three different methods which showed the same
trend. Data for H- terminated diamond is included for comparison.

VBM VBM Maier’s WF
EA
Sample (ARPES) (UPS) Method (eV) Stability
(eV)
(eV) (eV) (eV) (x0.1)
0.8* 0.9* 0.75 5.9 1.28 | Starts stabilising at
OTD (PEA) 800 °C
HTD [57, - 1.30 | Desorbs at
60, 143] (NEA) | > 700 °C
LiO-D 0.9* 1.05* | 0.47 3.93 -0.60 | Desorbs at 800 °C
(NEA)
Desorbs completely
SnO-D 1.4* 1.3* 1.75 4.1 -0.02 |at>1000 °C
(NEA)
Li/Sn- 1.5* 1.4* 1.85 3.6 -0.42 Desorbs completely
OTD (NEA) | at >1000 °C
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Figure 6.13: a) UPS graphs for LiO- terminated and SnO,/Li-O terminated Diamond
surface at various process steps. The spectra were produced using a monochromatic 21.2
eV He-/ source. WF decreases with the process steps, finally giving a WF reduction of 2.3
eV. b) VBM position determined using ARPES at 3 process steps. ¢) A schematic diagram
showing the downward band bending of diamond (100) due to the various terminations.
A band gap of 5.47 eV was assumed in calculating the energy levels.

The electronic structure of differently terminated diamond (100) is shown in figure 6.13
c) which shows a considerable band bending when LiO, SnO and Li,O - SnO; is formed
on the surface of diamond (100). VBM position was determined using ARPES (as
discussed above in figure 6.13 b)), UPS (by extrapolating the low binding energy leading
edge of the valence band linearly into the measured background) (figure 6.12) and by
Maier's Method. Although different methods of determining the VBM position gave
slightly different values which could be due to errors in the calculation and extrapolation,

similar trends in band bending were seen in all the methods. SnO terminated diamond

117



Sami Ullah University of Bristol, UK

(100) was seen to have an NEA of -0.02 eV which is less than the theoretically calculated
values for QML (-0.86 eV) and HML (-1.37 eV). This could be due to the problems
associated with obtaining a smooth and contaminant free surface before metal
termination. An increased value of NEA = - 0.42 eV is obtained with the lithiation of SnO
terminated diamond or in other words with the formation of Li,O-SnO, terminated
diamond (100) which calls for improvements to be made in the surface processing steps
so that a lower value of NEA and hence WF could be obtained for efficient termination
based on a heterostructure between alkali and heavy metals. Although H terminated and
LiO terminated diamond surfaces present much higher NEA, however, these terminations
desorb at lower temperatures than seen in case of other Sn and heterostructure based

terminations.

In order to determine the efficiency in thermionic emission, the UPS spectra results were
normalized by the illuminated area and integrated to calculate the quantity of secondary
electrons. The integration has been carried out in a zone representative of the secondary
electrons. Although O-Li terminated diamond has higher electron yield at every
temperature than SnO,/Li,O terminated diamond, the decrease in the electrons was more
rapid in the former than in the latter sample which also shows the increased stability of
Li,O - SnO, terminated diamond over the O-Li terminated one. Li termination has already
been found to exhibit NEA [119] while the SnO terminated diamond in our study showed

a very small value of NEA.

6.5 Thermionic testing
In order to realise the future of SnO nano cluster terminated diamond surfaces in

thermionics, a few runs of thermionic emission on the thermionic kit and using the
method described in chapter 3 was performed with SnO terminated diamond acting as

an emitter and later as collector as well. The results from this sample were compared
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with those of hydrogen terminated diamond for establishing how close the response was
to the much accepted hydrogen terminated diamond. For this small experiment, samples
of single crystal diamond were grown using CVD with nitrogen doping (as it has been
seen to produce a stable outcome) on the molybdenum substrates. The samples were
terminated with SnO nanoclusters in the same way as before. The samples were loaded
in the thermionic kit and testing was performed at a pressure of 10”7 mbar, using a
program controlled temperature ramp from 400 °C — 700 °C — 400 °C at a rate of 1 °C
per second and keeping the sample at 700 °C for 50 seconds shown in figure 6.14 to
investigate any surface desorption effects. The distance between the emitter and the

collector was maintained at 100 and 200 pm.
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Figure 6.14: The temperature profile/ ramp used for performing the thermionic runs on
the hydrogen and SnO terminated diamond in all case.

Figure 6.15 shows the thermionic emission outcome of H and SnO terminated diamond
at the distances of 100 and 200 pm between the emitter and the collector. It was seen
that the highest current output from the SnO terminated sample in both cases reached a
maximum up to 2 mA which is far greater than H terminated diamond in this experiment.
The response of SnO terminated diamond to the increasing temperature is much better
than H terminated diamond. There is however, a considerable surface species desorption

at 700 °C in the case when the distance between the emitter and collector is 200 pm.
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This could be due to poor diamond film quality or improper SnO deposition which should
be corrected by using a single crystal diamond surface and properly optimised SnO
deposition. Nevertheless, this small experiment has confirmed what was said earlier
regarding the scope of SnO as an alternative of H terminated diamond at higher

temperatures and in many ways as described in the earlier sections.
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Figure 6.15: A set of thermionic profiles illustrating the difference in current output

between hydrogen, and SnO terminated nitrogen doped diamond at a sample distance
of 100 and 200 u between the emitter and the collector.

Using SnO terminated polycrystalline diamond as a cathode has resulted in totally
different results were in terms of current output the SnO terminated diamond lies in
between H terminated and O terminated diamond which is expected theoretically as O
terminated diamond has PEA and hence has lowest current output. Thus it shows that
SnO termination on the surface of diamond actually does enhance the capabilities of
diamond (polycrystalline and single crystal as well) as a emitter device which can be used

in thermionics.

6.6 Tin and Tin/Lithium based Heterostructure terminated diamond
Although it has been known and mentioned earlier that the inclusion of oxygen in

between the metal atom and the surface carbon atom increases the sticking coefficient
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and hence increases the bonding strength and stability of the surface species. This results
into the efficient NEA imparting and WF lowering termination of diamond surface for its
use in various fields such as thermionic emission conversion in our case. This was also
observed in case of Sn in this study as has been demonstrated in earlier sections and
has also been observed with Li and other metals [157]. We have already shown in chapter
4 the possibility and positive outcome of Sn termination on the bare surface of diamond
using DFT based studies which did not only show the generation of NEA imparting dipole
on the surface of diamond but also beckoned towards the superior bonding and charge
distribution between the surface species i.e. C and Sn. To demonstrate this
experimentally, a sub-monolayer of Sn was deposited using e-beam deposition in the
same way as shown in the methods section of this chapter on the surface of a bare
diamond (cleaned) at various thicknesses that is QML, HML and FML with annealing
performed in between these steps as can be inferred from figure 6.16 and table 6.5. It
was learned by performing the characterisation at various steps, following the methods
mentioned in the section 6.2 of this chapter and also in chapter 3, that Sn deposition at
QML indeed results in the formation of metal carbide (tin carbide) bonds through XPS
peak analysis i.e. multiple peaks were observed both in C and Sn that could be attributed
to the metal carbide (tin carbide at lower B.E. and C-H at higher B.E.) and a small oxide
peak in Sn as seen in figure 6.16 a) and b). SPA-LEED revealed the 21 initial surface
structure (figure 6.16 c), d) and e)) for the bare diamond surface which was observed
throughout the process except after QML of metal (Sn) deposition and 250 °C anneal (1
hour), the LEED pattern was dimmed which could indicate amorphous or non-crystalline
surface species due to metal deposition which means the Sn atoms have not re arranged

into an ordered layer perfectly.
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Figure 6.16: a), b) XPS of sample revealing multiple peaks in C1s and Sn 3d that could
be attributed to metal (tin) carbide formation. There is a small oxide peak as well which
could be due to contamination. Only Sn3d 5/2 peaks have been shown and Sn 3d 3/2
peaks are omitted for the sake of clarity. ¢), d), e€) SPA-LEED images of bare diamond,
QML deposited and 250 °C annealed (1 hour) sample, FML deposited and 500 °C
annealed (1 hour) sample, respectively, reveals high temperature requirement to enhance
the surface structure. f) UPS image of the sample revealing the NEA peak appearing
initially at QML deposition which reduces later at 1 ML deposition. g) and h) WF maps of
bare diamond and QML deposited, 250 °C annealed diamond showing WF reduction up

to1eV
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Table 6.5: Electronic structure information at different terminations of diamond (100).
*Values indicate the averaged ones (between UPS and Maer's method VBM values). VBM
was determined using three different methods which showed the same trend.

VBM Maer’s method EA
WF
Sample (from UPS) (VBM) Av.VBM | (from UPS and
(x0.1eV)
(x0.1eV) (x0.1eV) av. *)
Bare 55 0.77* 1.17* 0.97 08/1*
QML & 250°C 4.4 0.23* 1* 0.62 -0.84/-0.45*
HML & 250 °C 4.4 0.21* 1* 0.61 -0.86/-0.46*
FML & 250 °C 4.3 0.16* 1* 0.58 -1.01/-0.59*
FML & 500 °C 4.4 0.38* 0.9* 0.64 -0.69/-0.43*

Later it was seen at 1 ML and 500 °C annealing (1 hour), though we get a clear LEED
with 2% 1 surface pattern, which suggests using higher temperature annealing to improve
surface structure. However, we have seen Sn starts to go away at higher temperatures as
seen in case of Sn-O terminated diamond as well during optimisation through a
considerable peak area reduction (although oxygen increases the sticking coefficient of a
metal on diamond in case of metal oxides than metals of bare diamond). The indications
of NEA, as can be seen in the UPS image in figure 6.16 f) and lowering of WF by almost
1 eV (figure 6.16 g) and h)) after annealing at 250 °C were also observed as can be
inferred from the data presented in table 6.5 also. However, no further significant
changes in WF were seen with further Sn deposition i.e. at HML or FML or with further

annealing. This is quite contrary to what we have seen in case of SnO terminated diamond
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and it could be attributed to the oxygen’s ability to participate towards forming an

efficient metal oxide (in our case SnO) layer on the surface of diamond.

As part of our inquisition, we have tried to form metal heterostructure with Sn/Li on the
surface of diamond but unfortunately after performing multiple unsuccessful runs with
negative outcomes it was learned that our Li source in the deposition chamber was
actually oxidised and hence there was no way of controlling the contamination other than
changing the Li source. This would ultimately fall into the future work of this project and

thesis.

6.7 Conclusions
We have demonstrated the possibility of forming SnO terminated diamond using DFT

calculation. NEA values of - 0.86 eV and -1.37 eV were obtained with QML and HML of
Sn on oxygen terminated diamond (100). Larger adsorption energies of more than - 6
eV was obtained with various configurations of Sn on OTD which shows that Sn has an
ability to form a stable termination on the surface of OTD. This stability was established
experimentally as SnO on the surface of diamond was unaffected by molecular oxygen or
ambient conditions, a necessary condition for device application. The formation of SnO
nano-cluster terminations on the surface of B-doped C(100)-(1X%1):0 resulted in the
downward band bending and lowering of WF by 1.8 eV. An NEA of -0.02 eV was also
seen. A considerable amount of downward band bending was seen due to Sn deposition
on OTD. SnO was reliably formed instead of SnO, which has been a point of debate until
now as a reliable reference had been missing. DFT analysis revealed that surface C-C
reconstruction due to Sn bonding occurs only in those cases when O atom is bonded to
the surface C in a ketone configuration, a larger adsorption and more pronounced NEA

was also seen in these cases, which shows Sn prefers to break the ketone bonds than
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the ether ones. Experimentally, no reconstruction was seen due to SnO termination of

diamond.

Although Li-O terminated diamond shows NEA of -0.60 eV with a WF of 3.93 eV, the
lithium content decreases quite rapidly at 500 °C. There is also a problem of Li doping
the diamond crystal or occupying the interstitial sites inside the diamond bulk and hence
changing the bulk properties considerably. The Li interaction with SnO nanoclusters was
observed after depositing Li on the SnO terminated diamond. Li withdrew oxygen from
the tin oxide and forms Li,O along with metallic Sn atoms. This interaction resulted in the
increased stability of Li on diamond surface. Only about 15% of Li was lost in case of
the Li,O - SnO, termination on diamond (100) compared to 47% lost in case of LiO
terminated diamond. No surface reconstruction was seen due to Li,O - SnO, termination
of diamond (100). By elaboration of the UPS data, we also found that the photoelectron
yield was decreasing more rapidly in case of pure LiO compared to Li,O - SnO,. Li,O -
SnO, terminated diamond also resulted in an NEA of -0.42 eV and a WF decrease of 2.3
eV. A downward band bending was seen in case of SnO and Li,O - SnO, terminated
diamond, as opposed to upward band bending in case of LiO terminated diamond (seen
in a different study), which implies that tin oxide can be preventing Li from entering the

bulk of diamond (doping) and hence preserving the diamond bulk properties.

The results obtained in this study not only provide an insight into the heterostructure
termination of diamond but are crucial in developing future efficient terminations for low

work-function and NEA on the surface of diamond.
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Chapter

Summary

Conclusion and Future Work

This short chapter sums up all the key findings in this work obtained through the DFT based
theoretical studies and later ultra-high vacuum (UHV) based deposition and spectroscopic
characterisation techniques, on the viability of tin based sustainable functionalisation of

diamond for efficient and more stable terminations.

The future work section identifies some of the basic problems encountered in diamond based
research and other specific issues related to the work reported in this thesis in the form of

scope for future investigations in this research area.

126



Sami Ullah University of Bristol, UK

7.1 Conclusion
The main aim of the work presented in this thesis is to study tin and its 2D oxide as a

candidate material for functionalising the surface of diamond to exhibit a NEA property.
The bare unterminated surface of diamond has a positive EA and if left exposed to
atmosphere the value will alter depending upon the amount of oxygen or OH taken up
by the surface. The main focus of this thesis is the potential use of NEA diamond as the
electrode material in TEC devices that convert concentrated heat, such as solar energy,
into electrical power. Various elements and their oxides have been investigated as a
means to impart the surface of synthetic diamond with NEA. For example, hydrogen
terminated diamond is known to induce NEA property on diamond which can withstand
temperatures of up to 973.15K [62, 158]. Since NEA diamond materials exhibit
measurable thermionic emission at temperatures below red heat (ca 800K), the useful
operating temperature range for a diamond TEC lies between this and approximately
1150K for terrestrial applications. One elemental candidate that has been overlooked by

researchers is tin and its monoxide.

The first question posed in this study was whether it is possible to have a Sn-terminated
surface as Sn atoms have larger size compared to C atoms, a huge electron cloud
compared with all other previously researched terminations of diamond which were
smaller in size than Sn atoms. To answer this question, a computational study was
performed using CASTEP on the University of Bristol’s blue crystal 4 supercomputer. The
interaction of Sn atoms in quarter monolayer (QML), half mono layer (HML), and full
monolayer (FML) disposed on the surface of a bare diamond slab was simulated and
compared with a diamond surface on which O and then Sn were coordinated as can be
seen in chapter 4. The parameters that were used for ascertaining the successful
adsorption were ‘exothermic energy’ or negative adsorption energy and electron affinity.
It was revealed that the most stable and NEA yielding coverage of Sn atoms was QML on
the bare surface and HML on the oxygen terminated surface of diamond. The electrostatic
potential calculations gave a negative value of electron affinity while partial density of
states calculations revealed the predominantly covalent (hence stronger) nature of the
bonds between Sn and C atoms on bare diamond and between Sn and O atoms on
oxygen terminated diamond. It also came to the light that NEA develops on the surface
of diamond due to the charge distribution between the surface species in which negative
charge accumulated on or near the surface carbon atoms due to the generation of a

surface dipole between Sn and C on the bare diamond surface and between SnO and C
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on the oxygen terminated surface. The generation of surface dipole due to the charge
accumulation in the vicinity of the surface species was exhibited experimentally in the
form of chemical shifts in the XPS peaks of surface species in chapter 6. This was a crucial
finding as this meant the theoretical methods had validated Sn as a potential NEA
imparting termination of diamond with a large stability. In the most stable and in fact
most of the forms, no change in the surface structure due to reconstruction could be seen

which did reflect in the experimental investigation later on in chapter 6.

Prior to the studies of Li and Sn on oxygen-terminated diamond presented in this work,
it was reported that tin and lithium in a particular stoichiometric ratio of Sn,Lis was found
to produce an ultra-low WF material (WF less than 1.25 eV) [83]. Additionally, the
addition of trace amounts of oxygen was reported to lower the WF even further. A
theoretical study by A. Pederson [88] had already suggested an interesting interaction
between the incoming Li atoms and SnO planes where Li atoms take up oxygen from the
2D SnO layers and hence forming Lithium oxide in between the Sn planes which could
be termed as ‘intercalation’. Findings such as these were enough to motivate a study of
Li and SnO based heterostructure on the surface of diamond to evaluate the potential
stability for thermionic applications. As a part of this study, Li was deposited on the
surface of diamond chemically (described in chapter 6) and it was learnt that when the
sample was heated at higher temperatures the Li atoms didn’t just settle at the surface
but diffused into the near surface bulk of diamond up to the temperature of 750 °C and
then came out forming LiO at the surface and later desorbing out from the surface at
850 °C with most of the oxygen atoms as well. This also meant the electronic properties
of the diamond sample also changed as the upward band bending was seen in the band
structure of diamond surface due to the inclusion of Li atoms into the bulk of diamond.
Although the effect was very small and might be viewed as insignificant in this study, it
could be amplified if the same process is performed consistently across larger surface
areas which could be of significant benefit to the thermionic operation of diamond
surfaces. This observation raises the issue of the stability of lithium on the oxygen-
terminated diamond surface. And this work has reported evidence of lithium coordinated

with oxygen being desorbed from the diamond surface.

Following up on the manner in which Sn and Li were found to interact to form a low WF
surface, experimental work featured in Chapter 6 was carried out to construct an

atomically thin layer of Sn on an oxygenated diamond surface. It was found that a sub-
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monolayer of SnO rather than SnO, could be formed under UHV by a sequence of
annealing steps and atomic oxygen exposures. An important finding was the temperature
stability of the nanostructured layer which showed no degradation when cycled from RT
to 1000 °C. Furthermore, the sub-mono layer of SnO was found to induce a NEA of —
0.02 eV on the p-type diamond surface causing a reduction in surface WF of 1.8eV. These
results suggest that this termination is an attractive alternative to hydrogen or LiO, and

which could promote superior thermionic operation on n-type diamond.

For diamond-based collector electrodes, an even lower WF would be desired for TEC
operation. To address this requirement work was conducted to develop a heterostructure
on the SnO-terminated diamond surface by depositing Li at elevated temperature. It was
observed that a SnO,-Li,O heterostructure was formed that exhibited NEA (-0.42 eV) and
caused a further reduction of 2.3 eV in the surface WF. After annealing this sample at
various temperatures, it was seen that the interaction between Sn and Li atoms on the
surface of diamond had resulted in the increased stability of Li on diamond surface. Only
about 15% of the Li was lost in case of the Li,O - SnO, termination on diamond (100)
compared to 47% lost in case of LiO terminated diamond at various annealing
temperatures. UPS measurements of the secondary electron peak characteristic of NEA
diamond confirmed that SnO and Li,O-SnO, terminations were more stable retaining
larger intensities than LiO. UPS measurements of the secondary electron peak
characteristic of NEA diamond confirmed that SnO and Li,O-SnO, terminations were more

stable retaining larger intensities than LiO.

7.2 Future Work

Although Sn based termination of bare and O-terminated diamond (100) and similarly
other metal terminations [35] have been shown, theoretically and experimentally, to
impart interesting properties that that could advance the development of diamond-based
TEC device technology. However, there are a number of material-related challenges that

would need to be addressed through further research to realise a diamond TEC.

One of these is the production of large area, high quality diamond material. It has been
shown [109] that emission current output from single crystal material can be improved
by a factor of 1000 if means is found to significantly reduce the surface defects that

disrupt the coordination of terminating species across the diamond surface.
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With this in mind, there have been several recent developments in large area single crystal
growth [159]. Also, CVD methods have been proposed in the past that use deuterium in
microwave plasmas to achieve atomically flat C(111) diamond surfaces [160]. A study
that seeks to explore these aspects for thermionic applications may yield some useful
insights that could be applied to the SnO-based materials featured in this work. Surface
roughness produces surface states in the band structure and hence alter the surface
properties of diamond considerably for example these lead to low carried mobility in
transistors [161], interference with the quantum applications [162]. Another challenge
that has been identified in this work and as described in chapter 4 concerns the oxygen
termination of the diamond surface. It is known that oxygen atoms bond to the surface
of diamond either in ether configuration where each oxygen atom takes a ‘bridge’
position between two surface carbon atoms with a single bond between these or an ‘on
top’ position where the O atoms coordinate with the surface carbon atoms with a double
bond. However, to achieve a singly terminated diamond, for example, has proven to be
very difficult to achieve. Most of the time the outcome of every oxygen termination
process that has been explored until now is the mix of both ether and ketone bonding
which is problematic as there are different bond energies and hence adsorption energies
associated with ether terminated and ketone terminated diamond surfaces as
demonstrated in Chapter 3 of this thesis. This leads to improper and imperfect
optimisations of surface termination on diamond and hence unreliable outcomes with
metal based surface terminations. However, from the plasma, chemical, photochemical,
electrochemical and thermal treatments to produce an oxygen terminated surface,
electrochemical method has shown most promising approach for achieving a single type

of termination and more work would be needed to develop this approach [1].

Linked to the method of oxygen terminating the diamond surface is the issue of its
stability on the diamond surface. We have observed in our experiments the loss of oxygen
at various temperatures during the annealing of the sample. It was seen in the XPS that
there was a considerable peak reduction in case of oxygen at higher temperatures in
many samples as can be seen in figure 7.1. The research question that needs to be
addressed is whether this is to do with the in efficient adsorption of oxygen on the surface
of diamond and how this is influenced by using single crystal material exhibiting
significantly lower surface defect densities and the use of electrochemical oxidation and

more work would be needed to develop this approach.

130



Sami Ullah University of Bristol, UK

O 1s after annealing at 400 oC
O 1s after annealing at 600 oC
O 1s after annealing at 800 o

O 1s after annealing at 1000 oC

Arbitrary Units

51532 5%8
Binding Energy (eV)

Figure 7.1: XPS peaks of O at various annealing temperatures; showing the reduction in

the peak area with the annealing at higher temperatures due to the oxygen loss. This

spectra were obtained after metal (Sn) deposition on the surface of diamond which could

mean Sn atoms are taking away O atoms from the surface which otherwise is expected

to be stable at this temperature range.
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Interest in the low electron WF in alloys of Li and Sn metals(e.g. Sn;Lis), as reported in
a paper by Alchagirov and co-workers [83] has been identified in this thesis as a potential
compound for realising a termination that produces a stronger NEA on diamond and

larger reduction in WF.

Some preliminary work has been conducted towards realising such a material but
experiments to date have proved challenging and compounds with the correct
stoichiometry have not been made to imitate this. In this work, the co-surface termination
of diamond with Sn/Li system on bare and oxygen terminated was explored for different

configurations.

Figure 7.2 shows the most significant configurations or systems in terms of their stability
and electron affinities which were comparable to the Sn and Li terminated bare and
oxygen terminated diamond (100). Although this beckons towards the positive outcome
in this piece of study however, when these structures were further analysed, it came out

that there was a complex interaction among the surface species.
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Figure 7.2: Describing various Sn/Li based heterostructure terminations on bare diamond
(100) with Sn:Li as 1:1 in a) with an electron affinity of -1.5 eV, 1:2 in b) with bridge or
ether bonds between these and with an electron affinity of -1.39 eV and 2.2 in c) with
same ether / bridge configuration and with an electron affinity of -0.89 eV, and oxygen
terminated diamond (100) with Sn and Li in 1:1 ratio in d) and ether/ bridge configuration
initially and with an electron affinity of -1.48 eV, 1.2 ratio in e) and ether/ bridge
configuration initially and with an electron affinity of -1.87 eV and 1:2 ratio in f) and
ketone / on top initially and with an electron affinity of -1.64 eV.

Sn mostly produced a covalent bond with surface C atoms and O atoms while Li atoms
in most cases produced ionic bonds (as per the Mulliken charge analysis). The charge
density was seen to shift in such a way that surface carbon atoms always had a negative
charge on or near them, also seen in chapter 3. No direct bonding between the surface
C atoms and Li atoms was seen in many cases. Sn was seen to possess a negative charge
in some cases along with surface C atoms, although it is expected to contribute electrons
to the surface of diamond and hence accumulate a positive charge. All this demands a
molecular dynamics based study into this piece of research so that a properly optimised

theory around this topic can be produced.

Another piece of future work would be to test these surface structures (that is Sn and
heterostructure (Sn/Li) based termination on the bare and oxygen terminated diamond)
on the surface of diamond (111) substrate. Diamond (111) has been seen to possess

many remarkable properties when it comes to termination with different material
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especially with graphene. It is expected to give more efficient outcome than its C(100)

and C(110) counterpart with metal and metal oxide terminations (here Sn and SnO).

Also the experiments reported in this thesis were performed on boron doped diamond
(BDD) due to the fact that boron doping renders the surface of diamond p doped, hence
conductive and usable in XPS. However, we have seen better and more stable response
of diamond with XPS at higher annealing temperatures in chapter 4. Hence, it is believed
that the outcome with Sn, SnO and SnO,/LiO, on the surface of diamond would be more
stable and probably more efficient with a N doped diamond, an indication towards which

is also given by the thermionic emission output in the conclusion section of this chapter.
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