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Abstract 

This work discusses the relevance of the oxidation procedure on wide-band gap 

semiconductors and the effect that has on the surface chemistry. It has been shown that acid 

treatment procedures produce an incomplete termination resulting in a reduction in thermal 

stability. Pure oxygen anneals have been conducted on diamond surfaces and measured using 

Photoelectron Spectroscopy(PES) techniques in-situ at near ambient pressures and have 

shown that 400°C is an optimum temperature for the removal of sp2 carbon and achieving a 

complete oxygen coverage of the surface. The effect of surface termination of Detonation 

Nanodiamonds (DNDs) and single crystal diamonds have been studied experimentally and 

theoretically using PES and Density Functional Theory to determine the most stabilised 

terminations for device applications and drug adsorption. These have then been measured 

experimentally and molecule coverage has been characterised using optical scattering and 

absorption techniques.  
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Watch your back, but more importantly when you get out the shower, dry your back. It’s a 

cold world out there. 

 

DJ Khaled. 
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Chapter 1 - Introduction and thesis layout. 
 

Wide-band gap semiconductors have relevance in multiple scientific fields such as; Quantum, 

power electronics, optoelectronics, optics, and biological sensing. However, the surface 

states of a semi-conductor can vastly affect the band-bending of a material, which make some 

semiconductors versatile as the bandgap can be controlled. The materials studied in this 

thesis are single crystal diamonds, gallium oxide (Ga2O3) and nanodiamonds.[1-4]  

Diamond is attracting more attention as it becomes more mature as a semiconductor 

material. Due to it’s amazing properties which outshine other materials such as silicon or 

gallium nitride (GaN), it is highly appealing for device fabrication such as power electronics. 

Growth of high quality diamond on a large scale was difficult to fabricate in bulk, however 

with consistent advances in the growth field looking promising, with epitaxial growth of CVD 

diamond on iridium substrates believed to be one of many potential methods of solving this 

issue for mass manafacturing of device quality diamond.[5-6] Diamond has a downward band-

bending however this can be altered through the surface termination of the crystal, altering 

the electron affinity of the diamond surface.[7] This can also be altered in the growth stage by 

careful doping of the crystal with n- or p- type dopants (such as nitrogen or boron). [8-9] 

Nanodiamonds have the same bulk properties as single crystal diamond but on a 

nanoscale.[10] Due to their large surface to bulk ratios and the more modifiable surface there 

is increasing interest for their uses in drug delivery and quantum optics where nitrogen 

vacancies are of particular interest[11]. Gallium oxide, specifically β-Ga2O3 is showing promise 

as an emerging wide-bandgap semiconductor. Initial devices fabricated using β-Ga2O3 show 

remarkable results considering its maturity in the field and is progressing faster than other 

materials such as Si and GaN with similar levels of research. [12-13]  

This body of work looks at the effect the method of oxidation has on these wide-band 

semiconductors and analysis on the chemical and physical properties they produce[14,15]. 

Samples are primarily analysed using Photo-Electron Spectroscopy techniques (PES) where 

the surface chemistry, band-bending and workfunctions can be monitored in-situ dependant 

on temperature and various adsorbates on the surface. Complimentary techniques such as 

Density Functional Theory (DFT), Raman spectroscopy, Atomic Force Microscopy (AFM), 
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Transmission Electron Microscopy (TEM), Dynamic Light Scattering(DLS) and 

Photoluminescence (PL) have also been used to study these materials.  

This thesis covers the importance of the method of oxidation used on wide-band gap 

semiconductors when obtaining an oxygen terminated surface. Various methods of oxidation 

involving acids, alkalis, gases and water have been investigated and the resulting chemical 

species along with their thermal stability have been discussed[16,17]. Single crystal (001) and 

(111)  moderately boron-doped diamonds, nano diamonds and single crystal (2̅01) gallium 

oxide have been analysed under various conditions using; X-ray photoelectron Spectroscopy, 

Near-Ambient Pressure X-ray photoelectron Spectroscopy, Near Edge X-ray Absorption Fine 

Structure, Ultraviolet Photoelectron Spectroscopy, Raman Spectroscopy, 

Photoluminescence,  Confocal Microscopy, Dynamic Light Scattering, Atomic Force 

Microscopy and Transmission Electron Microscopy to determine the chemical species that 

have formed on the surface, along with the resulting change in band-gap, crystal quality etc.  

Experiments have been conducted here at Aberystwyth University using our PES system, 

known as the Real-time Electron Emission Spectroscopy (REES) system, as well as at Diamond 

Light Source using the Near-Ambient Pressure(NAP) branchline (B07) as well as the NAP-PES 

system at Manchester University. These have allowed for modification and quantification of 

surface species on diamond substrates at NAP for studies into the oxidation process to be 

observed in real-time. More on these will be discussed in Chapter 4. 

Chapter 2 is an introduction into the materials that were used during these experiments of 

single crystal diamond and gallium oxide, and DNDs. The relevance of these materials and the 

importance on the oxidation of the surface will be described.  

Chapter 3 introduces the techniques used throughout this thesis with a heavy focus on photo-

electron spectroscopy techniques and mentions the processes behind the other 

supplementary techniques. 

Chapter 4 discusses the instrumentation used throughout this thesis and focuses on the PES 

equipment, which is unique to Aberystwyth, as well as mentioning the NAP facilities at 

Manchester and B07, and descriptions of equipment used for the supplementary techniques 

is also given.  
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Chapter 5 shows the results from single crystal (001) and (111) diamonds which were oxidised 

using various methods, and the chemical species that formed and the amount of remaining 

sp2 carbon remaining on the surface were analysed, with the focus of the investigation to 

determine the ideal method for oxygen termination, we found that depending on the 

technique used the ratios of ether, hydroxyl and ketone bonding was vastly different and in 

some cases peroxide also formed. Measurements of core levels of carbon and oxygen in real-

time under near ambient pressures to see the change in chemical species based on the 

gas/liquid exposed to the surface as well as temperature dependence, and have found that 

acid etches produce the most weakly bonded surface whilst also having a much lower band 

bending, and increasing the surface roughness of the diamonds. The results from this work 

potentially may suggest a best operating procedure for the terminations of diamonds for 

device applications.  

Chapter 6 discusses the results from various oxidation methods performed on high quality 

nanodiamonds. We found that the oxidation procedure not only removes over 90% of the 

initial starting sp2 carbon, but the oxidation states are very similar to single crystal. DFT 

calculations have been conducted for both single crystal and nanodiamonds and the process 

at which the diamond oxidises and key stoichiometry changes on the surface have been 

identified.  

Chapter 7 discusses how the knowledge gained from diamond and nanodiamond surfaces 

being oxidised has been used to apply chemotherapy drugs called Fluorouracil (5FU) onto 

nanodiamonds for drug delivery applications, it has been shown that in comparison to how 

the drug is typically delivered, we can reduce the particle size deposited into patients by 50 

times. This might allow increased chance of cell absorption, meaning a reduction in the overall 

amount of chemotherapy drug being used, whilst also with the potential of taking advantage 

of many of nanodiamonds various applications in the drug-delivery field such as targeting 

specific organs and bio-sensing.  

Chapter 8 discusses the results from experiments conducted on gallium oxide which has 

undergone various surface preparation treatments and the change in thermal stability and 

downward band-bending using real-time measurements have been conducted, which may 

also suggest a preferred treatment method for device fabrication such as Gallium Oxide FET’s.  
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Chapter 9 gives a summary of all the work conducted in this thesis along with further work 

which is needed to complete/compliment this body of research, along with a few closing 

remarks summarising the importance of oxidation from knowledge gained from all three 

materials.  
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Chapter 2 - Materials  
 

2.1 Diamond  

2.1.1 Introduction to Diamond.  
Diamond is a naturally occurring wide-bandgap semiconductor with a cubic crystal structure 

with tetrahedral bonding consisting entirely of carbon atoms in a sp3 state. sp3 is the electron 

hybridization arising from the L-shell (2s22p2). Electrons from an s-orbital overlaps the p- 

orbitals forming 4 hybridised sp3 orbitals, all of which are at 109.5° to each other.[1] This is the 

reasoning behind diamonds structure. Although graphite (honeycomb sp2 lattice is a 

preferred state of carbon (standard enthalpy difference of 2.9kJ mol-1) the conversion 

between sp2 and sp3 can occur in high temperature high pressure (HPHT) scenarios. The high 

activation energy required for the reverse process means diamond is a stable material. 

Natural diamonds are formed from carbon in the upper mantle of the earth being exposed to 

these conditions.[2,3] 

Figure 2.1.1 – A diamond slab showing the tetrahedral structure. Made from a diamond unit cell in Avogadro. 

However, these diamonds are subject to many defects or inclusions which alter the optical 

and electronic properties of diamond. While these defects or inclusions may produce unique 

specialties depending on the nature of them, for scientific applications these deformities 

mean taking advantages of the many mechanical and electrical properties diamond excels 

at.[4] Many of diamond’s unique properties come from its bulk properties, and carbon atoms 

being replaced or defect/strain occurring in the lattice can make the diamond drastically 

different, turning it from being transparent to obtaining colour and altering its bandgap. [5-7] 

Due to continuing improvements in diamond growth techniques, single crystal diamonds  with 

controllable doping levels with low defects and dislocations are increasingly available at the 

dimensions required for device fabrication. New variations of diamond growth such as the 
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introduction of an indium growth substrate for the hetero-epitaxial growth of diamond are 

showing signs of being extremely promising for the production of device quality diamonds on 

much larger scales[8-9]. Moissan was one of the first to attempt diamond growth in 1893, 

mimicking the HPHT conditions that they naturally formed in. In an electric arc furnace with 

carbon electrodes 2cm apart, he passed 450A of current through them generating 3500°C, he 

used the molten iron already present in the furnace and the contraction of the metal upon 

being exposed to water to create the required pressure. [10] He believed tiny crystals he had 

found were synthesized diamonds, but he later confirmed he had instead formed silicon 

carbides (SiC). It wasn’t until 1956 when General Electric created the first commercial 

diamond[11]. By producing 10Gpa and 2000°C environment with transition metals present to 

act as catalysts for the formation of synthesized diamond. However due to the limited sizes 

they were able to create at the time (<0.15mm), their only uses were in industrial applications 

such as polishing and drilling taking advantage of diamonds hardness[12].  Although HPHT 

synthesis has increased drastically since then, the lack of control of dopants (specifically 

nitrogen) and lattice defects has meant that this growth method is unviable for fabricating 

diamonds used in optical and electronic applications.  

The 1950’s was the start of Chemical Vapour Deposition (CVD) work on diamond. In 1952 

Eversole created a CVD procedure for diamond growth with significantly reduced pressure 

constraints (100Kpa) and reduced temperature conditions (1000°C), (although it wasn’t until 

1962 he improved the growth technique to remove graphitic deposits in the diamond. Slow 

growth rates meant this wasn’t practical of mass production)[13]. It has since then evolved 

through the work of the soviets in the 1970’s and National institute for Research in Inorganic 

Materials (NIRIM) in the 1970’s-1980’s until it had been perfected and improved to the 

standard operating procedure that is used now. [14] 

CVD is a method of diamond growth where the dopant levels can be controlled. It involves 

using a seeding layer (nanodiamonds) and the use of usually methane as a carbon-source[15]. 

The methane is activated (either by a hot filament, or more typically microwave/R.F method 

to create plasmas) and flowing in hydrogen gas to help with the breaking apart of the methane 

molecules. This activation produces the following products: 
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H2 + heat (e-) = 2H 

CH4 + H = CH3 + H2 

These CH3 particles give rise to diamond nucleation sites, and the continuous growth creates 

a layer-by-layer epitaxial growth method for diamond. The atomic hydrogen also etches away 

any graphitic carbon and also etch away at the diamond growth too, however the growth rate 

of diamond is allowing for a net growth of diamond whilst reducing graphitic carbon.[16] By 

flowing in various other gases such as N2,  ammonia, borane and trimethyl boron,  nitrogen 

or boron can be incorporated into the growth allowing for diamonds with specific dopant 

concentrations.[17] However, gas ratios must be carefully controlled otherwise lattice defects 

and graphitic regions will become more prevalent. This allows for fine controlling of the 

electronic and optical properties of diamond, where boron doped diamond is useful in 

electrochemistry and electronics and nitrogen doped diamond has interest in quantum 

applications due to nitrogen vacancies. Nitrogen vacancies are caused due to a point defect 

in the diamond lattice, caused by a bonded nitrogen being unable to pair to 4 carbon atoms, 

this means there is a unpaired electron which can exist in two different electron spin states. 

The electron although having a net Spin of S=1, can exist on a sublevel as (-1,0,1). The 

coherence times of these spin states can be extended from micro to milliseconds dependent, 

and the electrons can be easily flipped, making it suitable for future quantum devices. [18-21] 

Although growth rates can be slow (0.1-10µm/hour) CVD has the benefit of creating a 

diamond film of extremely high quality and where the dopants can be carefully controlled. 

Due to the improvement of CVD growth the quality, variability and availability of the 

diamonds produced has increased the capability of using diamonds for a large variety of 

applications.  Diamond is gaining interest in for use in: Quantum devices, power electronics, 

wave-guide structures, electrodes, optical lenses, biomedical applications and much more. [18-

27] Table 2.1.1 summarizes various properties diamond exhibits at room temperature which 

make diamond a highly versatile material and therefore desirable in a range of scientific fields 

when compared to other semiconducting materials such as Si and GaN[28]. Along with those 

properties it also very resistant to chemical erosion, broad optical transparency, bio-inert and 

high sound propagation capabilities. [29-30] 
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Properties/Material Diamond Si GaN β-Ga2O3 

Bandgap (eV) 5.47 1.12 3.5 4.85 

Electron Mobility (Cm2/Vs) 1900-2300 1400 1250 200-250 

Hole Mobility (Cm2/Vs) 1500-2300 600 200 12 

Dielectric constant 5.7 11.9 9.5 16.3 

Thermal Conductivity (W/cm.K) 25 1.48 1.3 0.13 

Electron Saturation velocity (107cm/s) 2.7 1 2.7 2.0 

Breakdown Field (105 V/cm) 100 3 30 80 

Debye temperature (K) 1860 645 608 738 

Hardness (kg/mm2) 10000 1000 1224 989 

Johnsons FoM 81,000 1 215 2844 

Table 2.1.1 – Properties of diamond, GaN, Si and β-Ga2O3 demonstrating why diamond is such an extraordinary 

material. 

There are four main categories which diamonds fall into due to the variations of inclusion 

formation in natural diamonds, and the variations of dopants which can be controlled for lab 

made diamonds, these are shown in Table 2.1.2.[31]  

• Type Ia – Nitrogen content around 3000ppm (0.3%) 

• Type Ib – Nitrogen content up to 500ppm (0.05%)  

• Type IIa – Nitrogen content which is immeasurable  

• Type IIb – Nitrogen content which is immeasurable, Boron content of at least 1ppm, 

P-type semiconductor. 

Table 2.1.2: Classification of diamonds dependant on the dopants inside the crystal. 

Most natural diamonds fall into type Ia due to the high nitrogen presence in the mantle, and 

in increasing rarity from Ib to IIb which is extremely rare. The increase in growth capabilities 

and diamond availability has made diamond a viable option for real world applications. 
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2.1.2 Diamond Surfaces 
There has been an increasing interest in diamond for electronic device applications due to its 

large number of desirable properties and it becoming easier to grow large crystals.[32] An 

estimation of density of free electrons in the conduction band can be calculated from: 

       𝐸𝑞 2.1.1   𝑛 = 𝑁𝑐exp [
−𝐸𝑐−𝐸𝑓

𝑘𝐵𝑇
] 

which produces an effectively zero carrier density result. Where 𝑁𝑐 is the effective density of 

states in the conduction band, 𝑘𝐵𝑇is the Boltzmann constant, 𝐸𝑐 and 𝐸𝑓 are the energies of 

the conduction band and fermi level respectively. Due to this phenomenon the band-gap 

states are heavily dependent on the dopant, defect and extrinsic contaminants. Another 

factor which influences diamond’s electronic properties which can be controlled post-growth 

of the diamond’s is the surface of the crystal, i.e. whether it’s terminated with a specific 

element or any surface reconstructions that occur. These specifically are labelled as surface 

states due to the localization of the wavefunctions where electrons or holes from bulk can be 

accommodated. The diamond surface is important as the termination can affect the bandgap 

by up to 0.5eV changing its electronic and optical properties, can alter the electronegativity 

by up to 3eV from positive to negative and vice-versa and the surface stability of some 

functional groups will vary dependent on the crystal orientation of the diamond and the 

number of free electrons at the surface.[33] 

There is also a difference in these surface states dependent on the crystal orientation of the 

diamond, where depending on where the crystal lattice is cut from will leave a different top-

arrangement (crystal plane) which will affect the surface of the crystal. These can be denoted 

using Miller Indices, which are used to describe the plane and direction of atoms in reciprocal 

space of a crystal lattice. These are used to describe the orientation of a unit cell of a crystal 

of which the research is conducted. The (111) orientation only has one free electron on the 

surface, and the (001) plane has two. This also causes variations in type of chemical species 

that can be formed on the surface, where (001) can share two pairs of electrons with an atom 

whilst the (111) is stuck to a singular. There is also the (011) plane but that orientation is not 

considered in this body of work.[34-35] 
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The perfectly clean surface is unstable and highly reactive, specifically for the (001) 

orientation. Surface reconstructions refer to two-dimensional change in the surface, where 

surface atoms can change positions. For (001) diamonds surface atoms reconstruct to form a  

(2x1) sections such that across the crystal face the top layer of atoms actually bond together 

in pairs, rather then what its normally denoted as (1x1) where they are singular. This means 

that for the(2x1) (001) substrate there is only one free electron instead of the usual two.  

 

 

 

 

2.1.3 Diamond surface terminations: Oxygen and Hydrogen  

Oxygen and hydrogen terminations on diamond are the easiest terminations to achieve yet 

due to their vastly different properties are the most researched and trialed for use in device 

fabrication. The surface chemistry is dependent on crystal orientation, roughness, 

reconstruction and the method of terminating the crystal[36-37]. Even the difference between 

functional groups on the surface such as ketone and a hydroxyl group produce differences in 

work-function, conductivity and electron affinity. Differences in electron affinity from -1.3eV 

for H and +1.7eV for O have been observed for (001) surfaces, where the oxidation state has 

also affected the measurements for O termination, reducing the positive affinity by over 

Figure 2.1.2: Unit cell of the (001) and (111) crystal orientations of diamond. Due to the structure in each plane the 

available electrons and therefore surface species available to the differing planes can vary drastically. 

Figure 2.1.3: the difference between the typical (001) diamond surface on the reconstructed.  

(001) (111) 
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1ev.[33] For the (111) orientation this effect is less drastic due to the reduced amount of 

surface atom coverage. This change in workfunction and electronegativity is due to oxygen 

possessing a greater electronegativity then carbon, causing a negatively polarized surface, 

which in turn creates a potential step which shifts the vacuum level above the conduction 

band; for hydrogen terminations the reverse of this true.  

A lot of work from various groups have tried to determine the ideal surface oxidation state of 

the (001) diamond, although multiple groups have differing opinions and DFT calculations 

providing varied results.[35,38-40]The relationship between the various types of typically 

reported surface species including ketone (C=O), hydroxyl (C-OH) and ether (C-O-C) are the 

biggest talking points, with many groups insisting the ether should be predominant oxygen 

bonding mechanism and ketones and hydroxyl groups attach to carbon atoms which are 

missing from chains. Some calculations even show that the C-O-C shouldn’t form under any 

circumstances. Other theoretical work states that unless the (001) diamond is perfectly 

terminated, reconstructions occur to enforce the optimal termination, resulting in a (2x1) 

reconstruction.[41,42] Work by De Leon’s group show’s that the method of preparation of the 

surface is important, and that using plasma’s and specialized annealments, the specific type 

of oxygen group on the surface can be controlled to some degree and also has an effect of 

the stability of near-surface  nitrogen vacancies (NV-‘s) for quantum applications. [43] This work 

is also validated by work done by Di Hu from Aberystwyth materials research group who also 

reported similar findings in his thesis.[44] However, the issue with techniques such as XPS 

measurements of surface groups is that upon terminating your diamond and then transferring 

it into a UHV system, surface contaminants will adsorb on your surface, and if the surface is 

particularly unstable it will be altered by these adsorbates. This means a perfect 

understanding of processes behind oxidation of both (111) and (001) diamond might be 

lacking. To overcome these disagreements the measurement of the surface chemistry during 

oxidation is essential.  
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2.2 Nanodiamonds 
 

2.2.1 Properties and Formation of Nanodiamonds. 
 

Nanodiamonds (ND’s) are crystalline diamonds in the size ranges of 5nm to 100’s of nm in 

diameter. Whilst maintaining many of the bulk properties of diamond it also has a much larger 

surface to bulk ratio making surface termination important. [45-47] 

 The method of production of nanodiamonds vastly alters properties such as the radius, sp2 

to sp3, dopant levels and crystallinity. Research on the formation of nanodiamonds was first 

started by Ryabinin in 1956 using dynamic synthesis, although his experiments proved 

unsuccessful.[48] Research into shock-compression started in 1960 however it wasn’t until 

1963 where the production of nanodiamonds started producing quantifiable results.[49] 

However, yield rates were very small (20%) and graphitic carbon and diamond like carbon 

(DLC) was also produced. Research into ND’s increased again in 1983, which was still heavily 

focused in the USSR despite the scale of production far outweighing any practical applications 

for the product at the time. Due to the inability to make use of these materials research 

slowed down and several sites at which ND’s were produced from shut down by the late 90’s. 

Interest in nanodiamonds for applications such as drug delivery, tribology, and CVD diamond 

growth has exponentially increased over the past 20 years. There were less than 10 

publications per year before 1997, finally increasing past 50 per year in 2004. In 2016 there 

was 550 publications related to nanodiamonds, where roughly 150 of those were related to 

biological applications. The number of publications in the first month of 2020 related to 

nanodiamonds is already above 70.  

Table 2.2.1 lists some of the properties of nanodiamonds, many of which are similar to bulk 

diamond, which have contributed to the increase in research to nanodiamond applications. 
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• High modifiable surfaces for a range of applications (O, H, NH2, COOH, OH etc.) 

These modifications change the chemical reactivity, optical and electronic 

properties of the nanodiamonds. 

• Bio-inert for drug delivery and tribology applications 

• Distinct NV- emission for bio-sensing 

• Similar properties of bulk diamond (Good thermal conduction, hardness etc.) 

Table 2.2.1: Properties of the nanodiamond which are making them widely researched for applications in various 
fields. 

The synthesis of nanodiamonds can be split into three main categories: static synthesis, 

dynamic synthesis and laser ablation. 

Static synthesis is a replication of the HPHT growth of single crystal diamond and uses the 

waste products of HPHT diamond growth for the formation of nanodiamonds. Micron sized 

diamonds whose properties are undesirable (too small, high N concentration, disfigured 

shape) from HPHT methods are milled together until the particle size is heavily reduced. This 

process in comparison to the others produced mono-crystalline ND’s whose production cost 

is an order of magnitude cheaper than dynamic or laser synthesis, however the limitation of 

this method is that particle size is limited to >20nm. These ND’s are primarily used in photo-

luminescence applications due to the high density of N incorporation and low cost. [52-54] 

Dynamic synthesis is used to produce typically what we define as detonation nanodiamonds 

(DND’s) which can be sub-categorized into three types: Shock-compression of metals and 

graphite, ND’s produced from a carbon precursor (graphite, coal etc.) and explosives, and 

DND’s which are created from the elemental carbon within the explosives themselves. The 

explosives used for these methods is normally a 3:2 ratio of TNT (2-methyl-1,3,5-

trinitrobenzene) to RDX (1,3,5-trinitroperhydro-1,3,5-triazine) in either inert gas or ice.[50] 

For DND’s, formation of diamond crystal structure is believed to follow this process: 

1. At the initial point from the explosive charge (TNT), the initial shockwave compresses 

the explosive material, which in turn induces heat and chemical decomposition of the 

explosive. this releases extremely large amounts of energy, much greater than the 

initial explosions, on a nanosecond scale, after which the following reaction forms 

atomic carbon and byproducts. 
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Eq 2.1.2  CNOH → N2 + H2O + CO + CO2 + C 

 

2. Due to the immense heat and pressure during this process, liquid carbon can form on 

the nanoscale near the location of the shockwave. However, as the carbon propagates 

and attaches itself to other nanoscale liquid carbon, the temperature drastically 

decreases to a point of where the liquid form is unstable. [35, 51] 

3. As the size of these droplets increase and temperature decreases, crystallization 

occurs in the liquid carbon under a specific set of conditions whilst the pressure is still 

above the diamond-graphite boundary, after which nanocarbon particles form. [45] 

Due to the precise temperature and pressure ranges for the formation of nanodiamonds from 

liquid carbon, the time frame in which the crystallization occurs is very small. The chemical 

decomposition of the explosive takes 1ns, the formation of these carbon droplets occurs with 

10ns, with formation of nanocrystalline diamond occurring in the 100-1000ns’s timeframe. 

These DND’s then follow the gaseous products in the shockwave, colliding with each other 

and forming tight agglomerations with each other until they hit the chamber walls, after 

which they are recovered. These DND’s are tightly agglomerated to each other via the 

dangling surface bonds binding to each other and the process of breaking down the 

agglomeration to form a perfect suspension of DND’s is difficult. Due to the nature of the 

agglomeration the method of breaking it down differs from typical naturally occurring 

agglomerations such as electrostatically or Van der Waals which are weak attractions 

between particles.[55,56] 

Current research for improving the detonation process is achieving higher purity DND’s by 

introducing oxidizing reagents to break down any sp2 formation. This also allows for a 

reduction in average particle sizes whilst trying to control aggregation due to reduction in sp2 

dangling bonds. There is the potential of doping during the synthesis itself, where natural 

nitrogen doping occurs from the N released from the breakdown of TNT becoming trapped in 

the liquid carbon droplets.  There is a strong desire for a fabrication method to produce DND’s 

which require no secondary treatments after manufacturing and to have a purer starting 

material for future functionalisation purposes. [57] 
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2.2.1 Nanodiamond surface 

Typically, nanodiamonds will be coated in graphitic sp2 carbon on their surfaces[58]; this is due 

to a combination of an unstable surface which reconstructs or graphitizes upon formation of 

the DND, or a collection of graphitic rings which surround the DND’s.[47,59] There is also the 

potential for impurities such as metal oxides (typically SiO2) to become embedded into the 

surfaces. When purchasing the product of detonation process, known as detonation soot, the 

percentage of DND’s with respect to the soot can range from anywhere between 30% and 

80% depending on the conditions of the process.  This is due the small-time frame and 

conditions required during the detonation process for which crystallization for diamond 

occur, as all other products are sp2 contamination. 

Due to the much larger surface to bulk ratio for DNDs with respect to single crystal diamonds, 

the surface termination more drastically affects the properties of DNDs; including altering its 

optical properties such as shifting the absorption of light 100s of nm; change in stabilization 

of NV- centers near the surface; what chemicals it will readily react with, to its zeta potential. 

Zeta potential (also referred to as electrokinetic potential) is the measurement of a surface 

charge in relation to the medium it is suspended in, typically in mV. Measurements of around 

50-60mV mean there is a good stability of particles in solution, meaning the suspension of 

particles is good, whereas values between 0-10 suggest the particles to be colloidal in nature. 

A stable, colloidal suspension of nanodiamonds is important for applications in drug delivery 

where drugs will be attached to the surface, therefore maximum surface coverage is essential. 

The graphitic layers have their uses in certain applications for controlled terminating specific 

areas of the diamond. The removal of sp2 carbon and the functionalisation of nanodiamonds 

during various stages of the oxidation process must be better understood for nanodiamonds 

to be more desirable in various applications where they show promise. [58, 60-62] 

Fig 2.2.1 shows a diamond of an DND, labelled with the various crystallographic planes also 

seen in bulk diamond.  
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If you assume you have a pure, sp3 DND then we can describe the DND surface as being a 

combination of the various different crystal faces of a bulk diamond. As previously discussed 

in 2.1.2, each orientation has preferential bonding or specific oxygen groups it is limited to, 

such as the (111) being capable of only hydroxyl. This will mean that the method of purifying 

and oxidation of these DNDs is a lot more important in the initial stages when compared to 

that of the single crystal. Single crystal diamond in UHV will start to desorb oxygen species at 

400°C and obtain a bare crystal surface at 900°C, but graphitization of the surface occurs at 

over 1000°C unless a metal catalyst is present.[63,64] This is useful if you are required to return 

to an original surface which might be preferred when preparing the diamond from an already 

terminated diamond where the surface species may inhibit the desired termination. 

However, all NDs will start forming sp2 carbon at 500°C, which indicates that before a full 

desorption of surface species can be obtained, the nanodiamonds will be damaged. 

Therefore, the initial treatment must be as efficient as possible to avoid damaging the DNDs 

or getting to a point of no return where the termination is irremovable.[65,66] For the removal 

of sp2 and generation of an oxygenated surface, there are two main methods which have 

differing results.  

The first method of oxygenation is the use of acid treatments, generally a 3:1 ratio of H2SO4 

and HNO3 at low temperatures (80-120°C) is used, where the sulphuric acid breaks down any 

non-diamond carbon on the surface, and the nitric acid acts as an oxidizing agent[53]. The 

(001) 

(110) 

(111) 

Figure 2.2.1: Optimised structure of an DND with a variety of bonding on different labelled planes. 



26 
 

alternative method is annealing  the sample up to 400/450°C in either a pure O2 atmosphere 

or in air (21% oxygen) and letting the oxygen burn away any sp2 and leave an oxidized surface. 

The differences between these methods will be discussed later on in this thesis in chapter 6.  

 

2.2.2 H and O Terminated DND’s. 

Much like with bulk diamond, O and H surface terminations provide various different 

applications for the nanodiamonds. The surface terminations alter the zeta potential, electron 

affinity and chemical reactivity of the nanodiamonds.[69,70] Research has been conducted for 

biomedical applications which suggest that due to the intrinsic nature of each termination, 

when used for drug delivery the DND’s will have preferred sites or organs where they will 

trend towards[45,62]. The methods of achieving these terminations will now be discussed.  

DNDs are naturally hydrogen terminated after being processed from the detonation soot to 

remove due to abundance of hydrogen available. however due to the process in which sp2 

carbon which occurs from the detonation process they must first be oxidized and then treated 

either chemically, annealing at temperature with a gas or through gentle plasma treatments 

to achieve hydrogenation[70,71]. The Barton-McCombie method can be used for the de-

oxygenation of hydroxyl groups, through the use of methyl radicals from trimethylborane and 

water, although the reagents used can be detrimental when suspension is attempted and 

hard to remove as they stay adsorbed onto the surfaces[72]. Hydrogen gas anneal provides a 

good alternative, achieving an almost complete hydrogenated surface however OH groups 

often remained prevalent.[73] This process can be improved by using hydrogenation catalysts 

(usually platinum or nickel) to break down H2 to produce H atoms. This results in a more 

complete hydrogen termination. Plasmas provide some of the best results due to H* ions 

reactivity and the temperature at which plasmas occur, and even help in the reduction of sp2 

by etching away sp2 like in the CVD growth process. However, when using plasma’s there is 

evidence that the C=O group remains stable and difficult to remove[74]. 

The oxygen species which occur on the DND during the oxidation is thought to be well 

understood and is dependent on the oxidation method used. Whilst air annealing may 

provide a wider-range of oxygen containing species, specific acids and chemical treatments 

mean the oxidized nanodiamonds can have a surface predominantly of one termination. The 
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main oxygen containing groups are; C=O, C-OH, and COOH however due to the three crystal 

faces of DND’s as shown in fig 2.2.1, a complete termination of a single functional group is 

impossible due to the aforementioned preferred surface species.[75-78] 

Carboxylic groups are achieved by treating DND’s in carboxylic acid during the acid etch 

procedure and generally occur more commonly than other groups through the generic acid 

etch. These groups however have a large chance of being bonded to any residual sp2 on the 

surface due to the requirement of having C=O and C-OH bonded to a single carbon. Hydroxyl 

functionalisation was initially achieved by processing H-terminated DND’s and treating them 

with either borane or lithium aluminum hydride, however nowadays Fenton reagents are 

more commonly used. Fenton reagents make use of OH radicals to treat already 

hydrogenated or bare surfaces, they form a comparatively lower amount of C=O groups 

compared to others but can also not remove them. C=O groups are found to be preferentially 

bound to the surface through ozone treating hydrogenated DND’s under UV irradiation, and 

the air anneal produces a predominantly ether and hydroxyl functionalised surface, with 

ketones.[77,79-80] 

The formation of specific groups during air annealments will be discussed later on in Chapter 

6 of this thesis.  

The oxygen species the surface is funtionalised with is incredibly important because each one 

provides different properties, unlike in diamond where the acid etch and air anneals both 

produce a positive electron affinity at the surface, carboxyl and OH terminated DNDs produce 

an electronegative surface when compared to C-O-C. The ketone terminated DNDs even show 

an acidic nature and have been found to have unusual interactions with organic molecules. 

All these functional groups will react differently when attempting to attach specific linker 

groups or molecules onto DNDs for applications in drug delivery, with some groups being 

easier to break down than others. The hydrophobicity of H-DNDs and the hydrophilicity of O-

DNDs can be described by the electronegativity also. Due to the positive electron affinity, H-

DNDs disperse in water well as they are repelling themselves away from the H2O ions, 

however for O-terminations the water traps itself between individual DNDs, this can cause 

coagulation of the particles and as such stable suspensions of O-DNDs are difficult [71,81]. 
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2.2.3  Applications of Nitrogen Vacancy Centres in DND’s 

Vacancies occur when nitrogen is either doped into the bulk crystal growth via a precursor 

gas, or during the detonation process when nitrogen gets trapped in the liquid carbon 

droplets. In the detonation process as previously mentioned the nitrogen is obtained through 

the breakdown of trinitrotoluene (TNT). Due to nitrogen having only 3 free electrons in its 

outer shell, when its inside the crystal lattice as shown in Figure 2.2.2, there is a carbon atom 

which has an unpaired electron which interacts with the remaining lone-pair of electrons from 

the nitrogen[20,21,56]. There isn’t always a vacancy where a nitrogen atom is, as during the 

detonation process the N impurities are interstitial and may be surrounded entirely by 

carbon. However, during anneal the vacancies will move around the crystal until it ‘finds’ a 

nitrogen. There are several types of nitrogen vacancies (NV0, NV-, N-V-N etc) however only 

NV0 and NV- will be discussed. 

 

 

 

 

 

 

 

 

The unpaired electron from the nitrogen can exist in two different charge states, known as 

NV0 and NV-, which both have differing properties such as absorbance, photoluminescence 

and magnetic resonance. NV0 is the result of the unpaired carbon electron floating and 

remaining in a stable state, whereas the NV- an electron from the nitrogen lone pair bonds 

with the carbon electron, forming a spin s=1 pair. 

Figure 2.2.2: A diagram demonstrating the N atom shown as an blue sphere incorporation into a diamond , 

showing there the vacancy underneath the nitrogen atom.  
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NV- is a promising defect in nanodiamonds due its high efficiency in the absorbance of 400nm-

600nm radiation and conversion into a definable peak at 632nm, thus making it an ideal 

material for use as a biomarker as it can utilize this strong optical emission whilst taking 

advantage of many of the properties of nanodiamonds which make them desirable in bio-

applications[82-85]. 

 

2.3 Gallium (III) Oxide  
 

2.3.1  History and Applications 

Gallium (III) oxide is a wide-band gap transparent semiconducting oxide (TSO) which can exist 

in five different structural variations, with the most common being β-Ga2O3. It was first 

discovered in 1875 when Boisbaudran found gallium in sphalerite ore in the Pyrenees[86]. 

Initial studies focused on microwave and optical maser experiments for applications in 

electroluminescent devices, phosphors, catalysis, and conductive coatings where due to it’s 

wide-band gap, which is close to diamond, makes it highly desirable for electronic devices[87-

89]. However due to limitations in crystal purity and crystal size available at the time meant it 

could not be widely used. This initiated an increase in research and further development into 

types of growth methods. Multiple methods have been incorporated into the growth of β-

Ga2O3 including chemical synthesis, thermal sublimation, CVD, molecular beam epitaxy (MBE) 

and flux growth. However, all the methods have individual flaws for gallium-oxide growth, 

which makes them inappropriate for device fabrication quality crystals.   

Currently, Edge-defined Film-Fed Growth (EFG) techniques are mostly used in gallium oxide 

fabrication due to its advantages in larger scale growth. It was founded by Labelle and Miavsky 

in the late 1960’s for sapphire growth. Crucibles containing the liquid oxide at high 

temperature and desirable dopants are fed through a capillary onto the center of a seeding 

crystal, and at this interface a single crystal is formed. The seeder is then moved away from 

the capillary and crystal growth then expands to the exposed area between the seeder and 

liquid. This is continued until the surface area of the seeder is coated in Ga2O3. The 

crystallographic orientation produced is controlled by the growth angle, and the meniscus of 

the liquid on the seeder controls the thickness of crystal produced[91]. 
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β-Ga2O3 exists as a monoclinic crystal structure, with various unique properties summarized 

in Table 2.3.1 for the (201) orientation[91-94]. 

• High band-gap (4.85ev) 

• Large refractive index (1.93) 

• Large Baliga’s Figure of Merit (FoM) value  

• Excellent chemical stability 

• Breakdown voltage of 80 (105 V/cm) 

• High melting point (1795°C)  

• Low thermal conductivity (13W/mK) 

• High density (5.88/cm3) 

Table 2.3.1: Some properties of Ga2O3 which make it an promising wide-band semiconductor for use in device 

fabrication. 

Figure 2.3.1: β-Ga2O3 (001) Crystal structure.  
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Where some of the other properties are listed in Table 2.1.1. Baliga’s FoM is a value which 

describes a materials resistive loss and therefore can be used as a comparative value to other 

materials where Silicon is the baseline with a value of 1. Baliga’s FoM is derived from a 

materials bandgap and electron mobility.  

Since growth yield of gallium oxide has been improved, interest has increased proportionally, 

with Ga2O3 being researched for UV photodetectors and high-voltage and power electronics 

due to its high breakdown fields (8MV/cm) and the materials uniqueness among TSO’s has 

showed increased interest as the surface shows a different electronic behavior. Where 

materials such as ZnO show a surface metallicity and surface accumulation layer, β-Ga2O3’s 

surface exhibits a naturally depleted surface. Work previously done by Aberystwyth materials 

research group has showed that the downward band bending in materials such as ZnO is 

affected by the OH bonding on the surface, where the method of oxidation can flip the 

properties from accumulation to depletion[95]. The surface stability of β-Ga2O3 therefore 

needs to be studied and the effects of various chemical states investigated. 

Ga2O3 has also been investigated for its use as a substrate for III-nitride epitaxy, specifically 

for the MOCVD growth of GaN on (100) β-Ga2O3 and potential applications for creation of 

blue-LEDs[89]. 

The only downside in comparison to other typical semiconductors is the very poor thermal 

conductivity, which is due to the crystalline anisotropy of the material. The different crystal 

orientations of β-Ga2O3 also exhibit different conductivities. The [010] direction shows over a 

100% increase in thermal conductivity in comparison to [001] or [201]. It’s been shown this 

low conductivity is limited by both the free electron and phonon scattering[93]. 

Despite this, β-Ga2O3 FET’s have shown a lot of promise, with the use of AlN or diamond 

substrate hosting an Ga2O3 membrane, and whilst it is still behind SiC and GaN devices of 

today, when compared to the initial first GaN devices of the early 1990’s it achieves much 

better performance. It is thought to be the 2nd most promising wide-band gap semiconductor 

based purely of potential capabilities after diamond.  
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2.4 Fluorouracil  
 

Fluorouracil (5FU) is a highly unstable, insoluble, polar molecule, which is used in 

chemotherapy for various cancers such as bowel and skin cancer and is shown in Figure 2.4.1. 

[96] 

 

 

 

 

 

Research has shown that 5FU is unstable on silver and various other metals, this can mean 

that due to the nature of delivery of the drug either via a catheter or cannula which contain 

silver coatings for its anti-bacterial properties, that the efficiency of the drug might be 

drastically reduced[97]. Di Hu has shown that not only is 5FU inert on single crystal diamonds, 

that the surface electronegativity can alter the amount of 5FU that is physically adsorbed onto 

the surface[44]. This could allow of the design of coatings for various types of drugs which may 

suffer catalytic degradation on metals, whilst still maintaining anti-bacterial properties 

through the use of boron doping and surface patterning to inhibit growth.  

As previously discussed, nanodiamonds are being increasingly researched for applications in 

drug delivery, in Chapter 5 the effect of surface termination of DNDs with the adsorption of 

5FU will be analyzed for applications in drug delivery. Current methods of delivering 5FU 

involve either the use of solvents such as dimethyl sulfoxide or anti-critical super solvents to 

disperse the molecule.[98] However, particle sizes of this molecular remain in the 100’s of nm 

as a best case, and typically sit in the µm range due to 5FU’s polarity causing agglomeration, 

due to DNDs being around 3-5nm the belief is that the particle size of the 5FU in-situ can be 

reduced, and then the many advantages of DNDs in bio-medical applications such as targeted 

delivery and bio-imaging can be used also[99-100] . 

 

Figure 2.4.1: Image of a 5FU molecule which a highly unsymmetrical, polar molecule. 
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Chapter 3 – Techniques  
 

This chapter will discuss the techniques used in this thesis and the scientific theories behind 

them. This work primarily employs PES based techniques such as XPS and NEXAFS as well 

optical techniques and DFT as supplementary data. PES based techniques are inherently 

surface sensitive whilst optical techniques are more bulk sensitive. Using this range of 

techniques is essential to build a complete understanding of a material. To ensure the 

cleanliness of a sample, it is placed inside a UHV chamber. The sample can then be treated 

in-situ, by annealing or administering gas into the chamber. The samples can then be 

analysed for any changes by using PES. However recent advancements in technology have 

allowed for these techniques which previously were limited to UHV to be conducted at 

near-ambient pressures (NAP). This allows for the investigation of changes to a surface 

whilst undergoing a reaction. This thesis has a strong focus on these near-ambient pressure 

techniques, and the advantages of measuring a sample whilst at its most pristine state  

during the surface preparation and oxidation procedure.  

Other techniques such as Raman, Atomic Force Microscopy (AFM), Dynamic Light Scattering 

(DLS) and Photoluminescence (PL) will also be discussed. 
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3.1 Electromagnetic Spectrum  
 

Electromagnetic (EM) radiation consists of waves, which have differing photon energies and 

wavenumbers such that: 

 𝐸𝑞 3.0      𝐸𝑝 =  hv 

Where  𝐸𝑝 is the energy of the photon, h is planks constant, and 𝑣 is the frequency of the 

wave. As the wavelength decreases, the photon energy increases.  The majority of 

experimental techniques in this thesis use various forms of EM wave. Table 3.1 below 

summarise the radiation used[1,2]. 

EM radiation Wavelength (nm) Photon energy (eV) 

Visible light 400-700 1.8-3.1 

Ultraviolet light 400-10 3.1-300 

X-ray light 10-0.01 300-200000 

Table 3.1: List of the types of radiation used through this thesis for experimental purposes.  

Any technique which is named with spectroscopy is the use of radiation (waves, atoms, ions 

and molecules) to produce a spectrum through various methods, of which many are discussed 

throughout this thesis.  
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3.2 Photoelectron techniques 

3.2.1  Brief introduction into PES 

Photoelectron spectroscopy (PES) is defined as the measurement of kinetic energy emitted 

from the surface of a material, with the same principle as the photoelectric effect theorized 

by H. Hertz which is where electrons are emitted from a metal when irradiated by light. Figure 

2.1.1 shows the brief outline of PES. Starting in 1957, Siegbahn developed X-ray photoelectron 

spectroscopy, to measure the energy levels of atomic core electrons. Core level electrons 

have different binding energies which is dependent on the chemical environment of the 

electron. For example, an electron from an oxygen atom in a C-O bond is more strongly bound 

then an oxygen atom in a C=O state, and therefore the emitted electrons will have a different 

kinetic energy[3,4,5]. 

A similar technique can be conducted using ultraviolet photons, known as ultraviolet 

photoelectron spectroscopy (UPS), this technique was developed by Vilesov in 1961. In UPS 

there isn’t enough energy supplied from the incident ultraviolet photons to excite electrons 

from the core level. The ultraviolet photons supply enough energy to excite electrons from 

the valence band which allows for probing of the molecular orbitals. This provides useful 

information such as vibrational levels of individual materials as well as their workfunction 

[6,7,8]. 

 

 

 

 

 

 

 

Figure 3.2.1: Diagram showing the basic principle behind PES. A electron is excited from an incoming photon, 

and if enough energy is transferred the elctron can escape it’s parent atom and leave the surface. 
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Photons  incident on the surface are absorbed by an electron inside the material. If the photon 

transfers a sufficient energy to the electron it can be ejected from the atom and subsequently 

the surface of the material providing there are no collisions. Although incident X-rays can 

penetrate >100nm into a material the electrons escape depth is much smaller. This is due to 

the chance of interactions between excited electrons and atoms and other electrons 

increases based on the depth. Through these inelastic collisions the electrons lose their kinetic 

energy and whilst having just enough energy to escape will not contribute to any peaks in a 

spectrum but contribute to a rising background as the measured kinetic energy decreases. 

The probability of interactions occurring is estimated by a statistical prediction on the inelastic 

mean free path (IMFP) of a material. IMFP Is defined as the mean distance an electron with a 

specific kinetic energy will travel before a collision occurs and energy is lost via collisions, 

attenuation, recombination, scattering and excitation of the material. Is the main parameter 

used to describe inelastic scattering of electrons in XPS and through the work of Seah and 

Dench an expression for the IMFP of a given material can be calculated by Eq 3.1[9] 

𝐸𝑞 3.1                          𝜆𝐼𝑀𝐹𝑃 =
528

𝐸2
+ 0.41𝑎

3
2𝐸

1
2  

 

 

Figure 3.2.2: the IMFP Curve from the original study conducted my M. Seah on the escape depth of electrons, 

in nm, dependant on the element of the material and the kinetic energy of the electron. The curve shows that 

electrons with energies >50eV are surface localised[9]. 
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Where a is the mean atomic distance, and E is the kinetic energy of electrons. For larger 

kinetic energies (>100eV) the first term can essentially be ignored. Meaning there is 

proportionality between 𝐸
1

2 and the IMFP. This also shows that statistically, the probability of 

detecting low kinetic energy electrons only occurs from those close to the surface. The atomic 

distance also plays a factor into the chance of collisions, where larger distances (smaller 

atoms) means there is more free space for the electrons to travel through the material.  

Once the electron has escaped from the surface it can then “detected” by collecting it and 

storing information based on its kinetic energy. Due to the IMFP typically only electrons 

emitted from the top 10nm of the surface can be measured depending on the angle between 

the sample and the analyser, the sampled used and the photon energy used for excitation. 

Typically, PES experiments are conducted in UHV conditions such that the maximum number 

of ejected electrons reach the detector[10]. 

Since PES techniques are based on the photoelectric effect, they obey Einstein’s equation: 

 𝐸𝑞 3.2                           𝐸𝑝 − 𝐸𝑘 = 𝐸𝑏 

Where  𝐸𝑝 is the energy of the photon, 𝐸𝑘 is the measured kinetic energy of an emitted 

electron, and 𝐸𝑏 is binding energy.  

However, since the photon must interact with an electron in a material to transfer enough 

energy for the electron to escape the surface, the equation becomes: 

𝐸𝑞 3.3                           𝐸𝑏 = 𝐸𝑝 − 𝐸𝑘 − 𝛷𝑠𝑎𝑚𝑝𝑙𝑒 

Where 𝛷𝑠𝑎𝑚𝑝𝑙𝑒 is the workfunction of a material defined as the energy difference the vacuum 

and fermi levels. However, there is also the workfunction of the spectrometer to be taken 

into account. If both the spectrometer and sample are grounded, then the fermi levels are 

equal such that the measured kinetic energy of an electron is:  

𝐸𝑞 3.4                           𝐸𝑘 = 𝐸𝑘−𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + (𝛷𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛷𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟) 

Which when substituted into Equation 3.3 produces the following equation:  

𝐸𝑞 3.5                           𝐸𝑏 = 𝐸𝑝 − 𝐸𝑘 − 𝛷𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟 
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Showing that measured binding energy is dependent on the workfunction of the 

spectrometer and independent of the workfunction of the sample. This requires 

spectrometers to be calibrated which is usually conducted on a reference sample such as gold 

or silver and measuring the Fermi edge as reference[11]. 

As a result of the photoemission process, the electrons are emitted at discrete kinetic 

energies which produces a spectrum. Since the kinetic energies of the peaks are known it 

allows the user to identify the elements present at the surface region as each element has a 

unique set of core level energies. From the record spectra we can identify properties such as 

chemical composition, bonding structure, valence band structure and conduction band 

structure. This is done by using techniques like X-ray photoelectron spectroscopy (XPS), 

Ultraviolet Photoelectron Spectroscopy (UPS) and Near-edge X-ray Absorption Fine Structure 

(NEXAFS) respectively.  

3.2.2 X-ray Photoelectron Spectroscopy (XPS) 
 

XPS is a technique which uses an X-ray source to excite core electrons from the top 8nm of a 

solid material. Eq 3.2 shows that if the kinetic energy is known then the binding energy can 

be found. The binding energy is then used to analyze the chemical environment the electron 

has escaped from. This information can be defined from the atomic orbital it’s originated from 

(1s,2s,2p,3s,3d etc.) along with the bonding state it’s from with differences dependent on 

type of bonding (C-OH, C=O, C-O-C, C-O-O-C all emit electrons with different binding 

energies.) where there are standardized values for each[12,13,14]. 

Figure 3.2.3 shows the process of the emission of a Ga 2p electron in the photoemission 

process. It shows the electron excitation and the process it goes through, and also shows a 

survey of an XPS scan, with several peaks labelled and the diagram showing where the Ga 2p 

peak resides which is a result of detecting those electrons. Note that the gallium 3p has a 

higher kinetic energy, as Ebinding is much lower for the 3p orbital then it is for the 2p. It also 

shows the different core levels of Gallium which has an electron configuration of 

[1s2,2s2,2p6,3s2,3p6,4s2,3d10,4p1]. 
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Figure 3.2.3: Diagram which demonstrates the photoemission process for a gallium electron. 
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Generically an X-ray photon used for XPS can vary in energy from 600-2000eV. Utilizing the 

Beer-Lambert law we can estimate the depth within the material that the electrons can 

escape from. This is given by: 

𝐸𝑞 3.6                        𝐼𝑑 = 𝐼0𝐸−
𝑑
λ

  

where 𝐼𝑑 is the intensity of electrons from a probing depth d. 𝐼0 is the intensity of the surface 

electrons and λ is the (IMFP). Using a gaussian distribution, the probing of one sigma (σ) can 

be stated as giving 68% of all electrons, from a depth of λ, the majority of electrons (3σ) can 

be estimated to come from 3λ. This insinuates that for 2p electrons the probing depth is much 

smaller than for an 3p electron dependant on the kinetic energy of the electron from the 

specific orbital. This also means that the measurement of lower kinetic energy electrons is 

more surface sensitive (1-2nm) then it would be for electrons of a higher energy. 

However, after the initial emission process the parent atom is left in an unstable state due to 

the electron leaving the core shell. To solve this issue electrons in a higher molecular orbital 

may decide to either (i) fluoresce, (ii) de-excite and drop to a lower molecular orbital to 

stabilize the atom whilst emitting an X-ray, or (iii) the process of Auger emission can occur. In 

this process an electron drops from a high-molecular level down to the vacant core levels. A 

secondary electron from the same shell or higher is emitted to compensate for the gain in 

energy. These secondary electrons are defined as Auger electrons and their kinetic energy is 

given by:[15,16] 

𝐸𝑞 3.7                       𝐸𝑘𝑖𝑛 =  𝐸𝑘 − 𝐸𝑙,1 − 𝐸𝑙+1 

Where K is the shell containing the hole was created, 𝐸𝑙,1 is the electron which undergoes de-

excitation, and 𝐸𝑙+1 is an electron which undergoes Auger emission.  

It is clear from Eq 3.7 that the energy of the emitted Auger electrons is dependent on the 

energy difference between the core levels and not the incident photon energy. Hence Auger 

electrons are always emitted at a certain K.E for a given element and transition. Care must be 

taken when performing XPS such that photoemission peaks and Auger peaks do not overlap. 
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Figure 3.2.3 shows the same core diagram as 3.2.2 but with reference to the Auger effect for 

Gallium. 

 

 Figure 3.2.4: Auger electron emission process diagram indicating how the auger peak (GaLMM) differs from the 

photoemission peak in the widescan survery. 

 

GaLMM  
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There are even more features that occur in XPS such as plasmon features, spin orbit coupling 

and satellite peaks each from differing processes[17,18]. 

In reality, electron shells are not as simple as shown in Figures 3.2.3 and 3.2.4, each electron 

sub-shell has its own quantum number, n. However electrons have a quantum angular 

momentum, l.  

𝐸𝑞 3.8         𝐽 = 𝑙 + 𝑠 

where s is +/-0.5. All orbitals exhibit what we call spin orbit coupling, except the S orbital 

which has no angular momentum. Table 3.2.1 shows the respective J and area ratios of 

respective electron shells[19]. 

Subshell J number Area ratio 

S 0.5 - 

P 0.5, 1.5 1:2 

D 1.5, 2.5 2:3 

F 2.5, 3.5 3:4 

Table 3.2.1: Table showing the respective J number and area ratios for each electron orbital.  

Where the ratio between the different J numbers for the respective orbital is given via  

(2j-+1):(2j++1), this is demonstrated in figure 3.2.5 below for the Au 4f7/2 core level of gold 

nanoparticles  

 

 

 

 

 

 

Figure 3.2.5: Au 4f7/2 core level showing a 4:3 ratio between the Au 4f7/2 and Au 4f5/2 and some satellite 

features. 
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As displayed in figure 3.2.5, there are satellite features in XPS spectra which arise due to a 

variety of processes. A non-monochromated X-ray source produces low intensity X-rays such 

as Kα3,4 as well as the characteristic Kα1,2. These Kα3,4 X-rays produce satellite peaks at lower 

binding energy from the mean peak and at a much lower intensity[20]. 

Another formation of satellites called shake up features occurs in transition metal oxides 

where relaxation effects cause small satellites dependent on the oxidation state and surface 

of the metal. These satellites have defined positions such that the difference between Fe(II) 

and Fe(III) for Fe2O3 and Fe3O4 can be identified making these satellites effective as an 

fingerprint reference[18]. Unbonded Surface atoms will also produce satellites due to the 

difference in electron surface plasmon effects[21]. 

The shape and intensity of XPS spectra can be heavily dependent on various factors. The line 

shape of a core level peak is a combination of electrons from a variety of chemical species. A 

clean diamond surface would only exhibit one component peak in the C 1s, while an oxidized 

diamond surface will also have component peaks from C-O, C=O, C-OH environments. In other 

words, a photoemission peak can consist of several component peaks which denote a 

different chemical state. The component peaks are distinguishable as they have their own 

distinct binding energy. The peak width and shape are normally fit as a Voigt function, where 

each component is a combination of a Gaussian and Lorentzian peaks. During the photo-

emission process Gaussian broadening occurs due to the instrumentational resolution, local-

bonding differences, and sample processing such as heating. Peaks are often assigned a 

Gaussian/Lorentzian (G/L) ratio when fitting using a Voigt profile, where the total width of a 

peak is defined as a ratio between a Gaussian and Lorentzian component. This is important 

as for example the method of excitation is a large determining factor of the G/L ratio, 

synchrotron vs Lab-based x-ray sources due to lab sources being non-monochromatic have 

vastly different ratios. Spectra obtained from lab sources are mostly gaussian due to non-

monochromaticity, whilst at a synchrotron the peaks are mostly Lorentzian. The peak 

position, width, and intensity is calculated for each component peak until the total fit matches 

the peak envelope. In a widescan spectrum each individual bond for a certain peak,(C-O, C-C, 

C-Fe etc) should share the same G/L ratio. However, the peak width between an Fe electron 

in the Fe 2p core level will be larger than the C 1s core electron for the same environment 
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[21,22]. This is due to the line width depending on the core hole lifetime, and the 

instrumentational resolution.  The core-hole lifetime is a Lorentzian function and provides the 

inherent line shape of photoemission. The natural line width due to the core-hole lifetime, 

ΔEL, can be estimated be the Heisenberg uncertainty principle by: 

𝐸𝑞 3.9:        ΔE𝐿 =
ℎ

𝑒𝜏
 

Where h is Planck’s constant, e is the electron charge and 𝜏 is the core-hole lifetime in 

seconds. This demonstrates that for elements with a higher electron number, the Lorentzian 

component will be broader.  

Each core level will have its own individual photoionization cross-section, σ, which is the 

probability of electron excitation, which can be defined as[23]: 

𝐸𝑞 3.10         𝜎𝑛,𝑙(𝐸) =
4

3
𝜋2𝑎0

2𝛼[𝑁𝑛,𝑙[𝐸 − 𝐸𝑛,𝑙] (
1

2𝑙 + 1
) [𝐼𝑅2

𝐸,𝑙−1 + (𝑙 + 1)𝐼𝑅2
𝐸,𝑙+1 

Where n,l are the quantum numbers for the orbitals, a0 is the bohr radius, 𝑁𝑛,𝑙 is the number 

of electrons in each orbital, 𝐸𝑛,𝑙 is the energy of the electrons in each orbital, and E is kinetic 

energy of the emitted electrons 𝛼 is the fine structure constant and R refers to the  radial 

dipole matrices. The energy at which the cross-section reaches its lowest probability , known 

as the Cooper minimum, is atom dependent. From this the photoemission intensity for each 

molecular orbital can be calculated from Eq 3.10. 

𝐸𝑞 3.11        𝐼𝑖 = 𝑁𝑖𝜎𝑖λ𝑖𝐾 

Where 𝐼𝑖  is the intensity for element i, of an atomic concentration N, with the inelastic mean 

free path of a photoelectron, λ𝑖, the cross section for the element, 𝜎𝑖  and K which is assumed 

consistent through the experiment such as detector settings.  

From these parameters the equation can be re-arranged such that the atomic concentration 

ratio between two different elements can be determined such that[9]:   

𝐸𝑞 3.12     
𝑁1

𝑁2
=

𝐼2𝜎1λ1

𝐼1𝜎2λ2
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3.2.3 Ultra-violet Spectroscopy (UPS).  
 

UPS is the similar to XPS except ultra-violet radiation is used instead of X-rays. The photon 

energy of UPS is much lower than an X-ray, so only valence electrons are excited from the 

atom. The photons for lab-based sources are generated by the splitting of helium atoms to 

create a UV photon With energies of 21.2 and 40.8eV from He(I) and He(II)[6,7]. UPS is a low 

kinetic energy technique which uses valence electrons to establish the density of states (DoS) 

of a material. Other useful information such as the workfunction of the material and the 

hybridization of the molecular orbitals can also be obtained. Materials can then be identified 

from their unique electronic structure fingerprint displayed in the UPS spectra.[24,25] 

Valence band electrons sit at the edge of the Fermi level unless the bands are shifted. Band-

bending occurs when the valence and conduction bands shift, either due to surface 

functionalisation changing the electron affinity or the addition of an interface. Dopants and 

can also alter the band profile of a material. The workfunction of a material can be determined 

which is an important physical property in electronic device fabrication. It’s calculated by 

measuring the Fermi edge and the Low-Ek cut off tail and using the following equation[26]: 

𝐸𝑞 3.13 =  𝐸𝑃ℎ𝑜𝑡𝑜𝑛 − 𝐸𝐹𝑒𝑟𝑚𝑖 − 𝐸𝑐𝑢𝑡−𝑜𝑓𝑓 

Where 𝜃 is the workfunction of the material, and 𝐸𝑃ℎ𝑜𝑡𝑜𝑛 is the excitation energy. The shape 

of the spectra can also give interesting information such as electron affinity, where negative 

electron affinities will produce a much large cut-off tail then a positive will.  

 

 

 

Figure 3.2.6: Simplified band diagrams showing the differences been Metals, intrinsic(pure) semiconductors 

and extrinsic(doped) semiconductors. P type doping shifts the Acceptor level above the Fermi level   

Bandgap 

Acceptor level 
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Where materials will have different band profiles dependent on their doping levels, another 

method of altering the profile is through surface band-bending of the material. This can be 

done by either creating depletion or accumulation layers of electrons. For diamond this is 

achieved by terminating with either hydrogen or oxygen. Oxygen terminations will cause a 

depletion by pulling electrons away from the surface, whereas hydrogen is the opposite as 

shown in Figure 3.2.7.  

 

 

 

 

 

 

 

There is also band-bending at a metal-semiconductor interface. The wavefunction of 

electrons at the surface of the semiconductor must match that of the metal, therefore a 

charge transfer and band-bending will occur to match the fermi levels at the interface. 

 

 
Figure 3.2.8: Simplified band diagrams showing the band-bending that occurs to a P-type semiconductor 

when a metal is deposited on its surface.    

Figure 3.2.7: Simplified band diagrams showing the different of the band profiles in diamonds due to the 

surface functionalisation, where oxygen has a positive electron affinity, and hydrogen a negative. Where Χ is 

the electron affinity, Ec and Ev are the conduction and valence band, and ΦD is the workfunction of diamond. 
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Where Χ is the electron affinity, Φm is the workfunction of the metal, ΦS is the workfunction 
of the semiconductor, and ΦB is the measurement of the band-bending (Schottky Barrier 
height).  
 

This has the potential advantage as when a voltage is applied across the interface of the 

junction, an electrical potential barrier is encountered for moving a hole from the 

semiconductor into the metal. Metal-Semiconductor interfaces can form either Schottky 

barriers or ohmic contracts if the barrier height is too low.   

 

3.2.4 Near-Edge X-ray Absorption Fine Structure (NEXAFS)  
 

NEXAFS is a measurement of the absorption fine structure close to an absorption edge such 

as a K-edge. A K-edge is the increase of x-ray absorption due to the photon energy being just 

above the binding energy of the 1s core electrons. Measurements are usually taken just 

before and after the edge such as to include and pre-edge and post-edge features[27]. These 

regions provide information on the electronic structure of unoccupied molecular orbitals, 

with pre-edge features being able to determine the surface states of a material also[28]. 

Unlike in XPS where the photon energy is constant through a measurement, in NEXAFS the 

photon energy is varied throughout. There are three methods for NEXAFS known as Total 

Electron Yield (TEY), Partial Electron yield, (PEY) and Auger Electron yield (Auger) (AEY). This 

thesis a focus will be set on AEY. In TEY the photoelectrons that are created by the absorbed 

X-rays are measured however it can be dominated by other processes. These emitted core 

electrons create holes which are then filled by Auger decay which then release Auger 

electrons. The measurement of these primary Auger electrons can also be used to determine 

the x-ray absorption process, which is known as AEY but is much slower than the other 

methods due to reduction of total electrons measured. PEY is where you differentiate 

between core and Auger electrons and reject other electrons, at the expense of intensity. 
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AEY is much more surface sensitive then TEY, as due to Auger electrons having a low kinetic 

energy, they can only escape typically from the first nanometer of the surface. NEXAFS is also 

extremely sensitive to the chemical environment of each electron. Correct interpretation of 

the fine structure in the Spectra can be used to determine differences between the σ* and 

π* bonding. This allows for characterisation of the differences in hybridization of bonds such 

as sp2 and sp3 bonding and the orientation of the chemical species with respect to the 

detector due to the techniques polarization dependence and features related to the density 

of states such as the 2nd Bandgap features of diamond. This allows for NEXAFS to be the 

perfect complimentary technique to XPS as they provide different information whilst 

maintaining some form of comparisons. 

The absorption structure is a result from the allowed bound-state absorptions, K-edges are 

resultant from the excitations 1s, L edges from the 2s/p, etc. The pre-edge features sensitivity 

to the chemical environment is dependent on the elements themselves, where lighter 

elements show much more sensitivity. Due to synchrotron radiation being linearly polarised, 

bound-state transitions which have symmetries for the probed element can be used to 

determine specific orbitals of that element and the orientation of molecules on the surface 

of a substrate can also be determined. 

The emitted electrons will affect the occupied and unoccupied molecular orbitals of the 

material. Rydberg transitions are caused by excited electrons interacting with the positively 

charge nucleus, π*and σ* transitions will also appear before and post edge respectively.  

Figure 3.2.9: Diagram to demonstrate how TEY and AEY NEXAFS are measured, where PEY then different 

between the Core and Auger electrons received in TEY to reject other electrons.   
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The nature of whether it is π*or σ* is dependent on the symmetry and energy of the 

unoccupied orbitals, there also transitions into unbound orbitals which usually are typical of 

σ*. The width of these peaks is dependent on the lifetime of both the excited electron and 

core hole state. 

π* occur for unsaturated molecules such as benzene rings and graphitic carbon where 

graphite consists of two single (sigma) bonds and one pi bond (one sigma and one pi bond). 

They are typically the lowest energy feature observable in NEXAFS. σ* transitions can occur 

in both saturated and unsaturated molecules, the peak is usually observable post-edge 

however in instances of weak bonds such as C-H is sometimes observable pre-edge. 

Figure 3.2.9 shows a diagram of this effect.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Where dependent on whether there is an observable π* feature, the molecule can be 

determined whether it is flat laying on the surface or not.  

Benzene ring – 

π* out of plane  

Benzene ring – σ* 

E 

hv 

E 
hv 

Figure 3.2.9: A: Diagram showing how the rotation of the sample with respect to the beam will change the 

polarisation, such that different molecular orbitals can be measured for orientation information. B: Molecular 

orbital energy level plot for benzene ring, where the middle ling represents a p ortibal. Benzene is made up of 

6 sp2 hybridised bonds. π* bonding occurs in the LUMO which can also be described as the antibonding. 

A 

B 
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3.3 Optical Scattering 

 

3.3.1 Raman Spectroscopy  

Raman spectroscopy was initially developed in 1928 by C. V. Raman after an initial study into 

the molecular diffraction of light back in 1922[29]. For his work on Raman spectroscopy he 

received the Nobel prize in 1930. Photon scattering is defined as when an incident photon 

interacts with a material and changes its direction.  The energies of these photons are either 

increased or decreased by quantized increments, corresponding to differences in the 

vibrational and rotational energy states of a material.  

Raman scattering occurs when an optical phonon is absorbed exciting a molecule into an 

imaginary state and the re-emitted phonon is of a higher or lower frequency. This is defined 

as in-elastic scattering. Rayleigh scattering is an elastic scattering where the phonon energy 

is conserved. The inelastic scattering from phonons can be described as two different types 

of emission; Stokes and Anti-stokes scattering. Stokes scattering refers to the absorption of a 

phonon and re-emission of a lower energy phonon leaving the molecule in a higher energy. 

Anti-stokes is the opposite where the molecule ends up in a lower vibrational state. Figure 

3.3.1 shows a diagram indicating the differences between the different scattering methods.  

 

 

 

 

 

 

 

 

 

Figure 3.3.1: Diagram displaying the 3 main types of phonon scattering; Rayleigh, Stokes and Anti-Stokes and 
the differences between them.  
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Raman spectroscopy is the measurement of the inelastic scattering of a monochromatic light 

source, where energy is transferred between the incident photon (hv0) and the substrate. The 

inelastically scattered photons (hvv) are compared such that the shift of the photon is given 

by: 

𝐸𝑞 3.3.1 𝛥𝑣 = ((
1

h𝑣0
) − (

1

h𝑣𝑣
))  

Where 𝛥𝑣 is denoted as the shift in wavenumbers. This shift measures the specific energy 

difference between different vibrational states and the ground state. This allows for 

characterization of a material via the specific vibrational states in crystallographic and 

molecular structures. As diamond is a single crystal consisting of one element, the shifted 

photons can only exist in a limited range. Graphite, which is also carbon, due to its different 

crystal structure produces photon shifts different then diamond. This makes Raman beneficial 

for measuring differences between sp2 and sp3 bonding and characterizing diamond[30]. 

As Raman is a bulk technique, for bulk materials with high symmetry of similar vibrational 

mode the intensity emitted is large. However, for small molecules or materials which are 

highly asymmetrical the signal to noise can be low, which due to the nature of these samples 

such as organic molecules being relatively unstable with temperature, makes increasing the 

intensity of the photons for more excitation is not possible.  

Surface-Enhanced Raman Spectroscopy (SERS) allows for measurement of these small 

molecules or materials with vastly increased intensities. The process by which SERS occurs is 

currently under debate. According to literature the two most highly regarded theories 

describe the processes as either the interaction of localized surface plasmons, or from charge 

transfer between the sample and SERS substrates. Recent research is currently in favor of the 

plasmon theory[31,32]. 

Silver and Gold are commonly used as SERS substrates as their plasmon resonance 

frequencies are close to the visible and near-infrared radiation required for the excitations of 

the vibrational modes required for Raman spectroscopy. There is also a lot of research already 

conducted in the processing of silver and gold on the nanoscale to increase the surface area 

of particles/substrates and therefore increase the total SERS. 
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3.3.2 Dynamic Light Scattering (DLS) 
 

DLS is a method of measuring the size of molecules and particles in solution and having the 

capabilities of deducing the distribution of these sizes, with resolution ranging from 0.3nm to 

10μm[33]. 

A laser is aimed at a known solution at nanoparticles where the scattered light is measured 

at a 175-degree angle from the laser source and the intensity of the light is collected. A speckle 

pattern is created on the detector of which from the intensity sizes of particles can be 

deduced.[34] 

For a solution of known viscosity at a given temperature, the Brownian motion of nanoparticle 

will be dependent on the size of particles, where larger particles are slower moving in 

comparison to smaller ones. This change in relative speed can be defined using the Stokes-

Einstein equation. The light intensity on the detector due to light scattering will fluctuate 

dependent on the scattering of photons by the particles in the solution. Due to Brownian 

motions, these fluctuations in intensity are measured with respect to time where 

measurements of fluctuations are taken in nanoseconds. A correlation function is deduced at 

each time step, from which the size distribution of particles can be calculated. From the size 

distribution calculations, the volume of each particle in the solution via size can be deduced. 

A diagram showing the basic process is shown in Figure 3.3.2. 

 

Figure 3.3.2: Diagram demonstrating the process of DLS showing the process of how size distribution is 

calculated. Image obtained from Malvern Panalytical.[35] 
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3.4 Microscopy.  
3.4.1 Photoluminescence  

Photoluminescence studies began as early as 1845 with Herschel’s observations of blue 

fluorescence observed from quinine. Photoluminescence defines any process which involves 

the absorption and re-emission of photons from a material[36]. 

The re-emission of a photon can occur in two different variations known as fluorescence and 

phosphorescence.  The differences of these can be explained using a Jablonski energy diagram 

which is shown in Figure 3.4.1. 

Due to the process of the intersystem crossing, fluorescence is a faster process compared to 

phosphorescence, and is the emission when an electron drops from an S1 to an S0 state.  

Phosphorescence is a slow process, which allows for the measurement of emitted photons 

even after the excitation source has been isolated. It arises from forbidden spin transitions 

from a T1 state down to S0. The ground state of a molecule is a singlet (S0) state, due to 

conservation of angular moment the photo-excited state must also be a singlet. Intersystem 

crossing usually occurs in samples which have a large amount of spin-orbit coupling. Coupled 

orbital and spin angular momentum allows for these forbidden transitions (T1 to S0) to occur, 

albeit at a much slower timeframe.  

Figure 3.4.1: Diagram explaining the process of Photoluminescence and the two types of photons that can 
be emitted. 
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Photons emitted from the sample can be measured using a detector and photoluminescence 

can be used to obtain information about defects of wide-bandgap semiconductors, and has 

applications in biosensing where fluorescent bio-markers are attached to a molecule during 

drug delivery to track the location of the drug and analyze any biological changes at the 

location[37]. 

Confocal microscopy was first theorized in 1957 by Minsky, with the purpose of achieving 

better resolution than fluorescence microscopes[38]. It measures the fluorescence of a 

material by using a laser to excite a material and cause fluorescent photons to be emitted 

from the sample. The laser is focused onto the sample via a dichroic mirror and scanning 

mirrors and being passed through a microscope and then radiating onto the sample.  Emitted 

photons follow the same process back up and pass through the dichroic mirror and through 

a pinhole into the detector. This pinhole rejects non-focused fluorescent photons allowing for 

a small depth of field image from the sample to be obtained. If this is done by scanning 

through thin sections of a sample via focusing in different Z directions, a 3D image can be 

produced. Figure 3.4.2 shows a simplified diagram visualizing this[39]. 

  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4.2 – Diagram of a Confocal Microscope.  
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3.4.3 Transmission Electron Microscopy (TEM) 

TEM works by passing a focused electron beam through a set of condenser lenses at very high 

speeds through the use of very high voltages. The electrons pass through the material at a 

rate which is dependent on the transparency of the material to electrons and its 

crystallographic structure. An objective lens focuses the electrons transmitted through the 

material onto a phosphorescent screen which saves an image. As the electrons don’t pass 

through a material well colliding with atoms, the crystallographic structure and morphology 

can be seen at very high resolutions of around 0.2nm, such that individual atoms may be seen 

[40,41]. 

 

3.4.4 Atomic Force Microscopy (AFM) 

AFM works by using a cantilever of around 100μm with a tip sharpness of a few atoms wide 

which scans across the surface of a sample. As the tip gets near the surface, the attractive 

force between the cantilever bends it towards the surface and as it gets too close the Van-

der Waals forces cause deflections and the cantilever deflects away from the sample. The 

deflections or bends of the cantilever are then measured as the tip is mapped across the 

sample. These deflections allow for a 3D image to be produced, where X and Y represent the 

surface mapped, and Z is the measurement of the cantilever’s movement for obtaining 

topography information from the surface. This allows for measurements of the surface 

roughness to be obtained, where the resolution is in the sub nanometer range[42]. 
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3.5 Density Functional Theory (DFT) 
 

3.5.1 Born-Oppenheimer approximation and Hartree-Fock method.  

All computer simulations of molecules to achieve accurate data must calculate the ground-

state energy of a system, this is achieved through considering Schrödinger’s equation, which 

is shown in Eq3.5.1: 

𝐸𝑞 3.5.1:   �̂�𝛹 = 𝐸𝛹 

Where E refers to the electronic energy of the system, 𝛹 can be described as a set of wave-

functions, such as: 

𝐸𝑞 3.5.2: 𝛹 = (𝑥1,𝑥2𝑥3…..𝑥𝑛) 

The Hamiltonian, �̂� , itself can be explained as three separate components, representing the 

Kinetic energy associated with the atoms of the molecule, an attraction component 

representing the nucleus-electron interaction, and a final component representing the 

electron-electron interaction which is shown in equation 3.5.3: 

𝐸𝑞 3.5.3: �̂� = − ∑
ħ2

2𝑚𝑒

𝑁

𝑖=1

𝛻𝑖
2 +

1

2
∑

1

4𝜋𝜀0

𝑒2

|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑖<𝑗

− ∑ ∑
1

4𝜋𝜀0

𝑁

𝑖=1

𝑍𝑘𝑒2

|𝑅𝑘 − 𝑟𝑖|

𝑀

𝑘=1

 

Where the first term  models the Kinetic energy of electrons, in terms of the modified Planck’s 

constant, ħ(1.05 ∗ 10−34 𝑚2𝑘𝑔/𝑠)  mass 𝑚𝑒(9.11 ∗ 10−31𝑘𝑔), the second term is in relation 

to electron-electron interactions, where electron I has a charge 𝑒(−1.6 ∗ 10−19𝐶) is 

measured against all other electrons, such that if I=1 then j=(2,3..N) for their respective 

positions 𝑟𝑖 and 𝑟𝑗 and final term is to model the nucleus-electron interaction such that it 

measures the potential of N electrons, against M nuclei, where 𝑍𝑘 is the charge of the nuclei, 

at position 𝑅𝑘. 

This equation can be reduced as measurements of distance are in terms of the Bohr radius 

(𝑎0 = 0.5292 ∗ 10−10 = 0.05292𝑛𝑚) and energy measurements are now in Hartree’s, 

(𝐸ℎ = 27.21𝑒𝑉) we can there refer to ħ, 4𝜋𝜀0, 𝑚𝑒 and 𝑒 all being equal to 1, such that it can 

be simplified into equation 3.5.4: 
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𝐸𝑞 3.5.4:  �̂� =  −
1

2
∑ 𝛻𝑖

2

𝑁

𝐼

+ (− ∑ ∑
𝑍𝑘

|𝑅𝑘 − 𝑟𝑖|

𝑁

𝑖=1

𝑀

𝑘=1

) + ∑
1

|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑖<𝑗

 

Equation 3.5.4 is better known as the Born-Oppenheimer approximation, which is the starting 

block of Hartree-Fock method. The aim of all simulations as previously mentioned is to obtain 

the ground state energy, in terms of a wave-function this is described as: 

𝐸𝑞    3.5.5:       𝐸0 ≥ 𝐸〈𝛹0〉 

Such that the ground-state wave-function, 𝛹0, is a property of the ground-state energy, 𝐸0. 

This can be solved using the variation principle: 

𝐸𝑞  3.5.6:     𝐸[𝛹] =
⟨𝛹|�̂�|𝛹⟩

⟨𝛹|𝛹⟩
 

Where: 

𝐸𝑞 3.5.7:    ⟨𝛹|�̂�|𝛹⟩ = ∫ 𝛹∗ �̂�𝛹 𝑑𝑥 

The average of the trial wave-function, 𝛹  in respect to the Hamiltonian produces a guess to 

the lowest ground state energy, the answer is then resubmitted, 𝐸〈𝛹〉 back into the equation 

to keep obtaining a more accurate representation, although this method has its limitations. 

For an N electron system, the ground state energy could be defined as: 

𝐸𝑞 3.5.8:      𝐸0 = 𝐸[𝑁, 𝑉𝑒𝑥𝑡] 

Where 𝑉𝑒𝑥𝑡 is defined as the second component of Equation 3.5.5. Using this knowledge, a 

determinant can be written which describes a wave-function which can be used as an initial 

trial. This is known as the Slater determinant, named after John Slater and is as follows: 

𝐸𝑞 3.5.9:          𝛹𝐻𝐹 =
1

√𝑁
(

𝛹1𝑥1 ⋯ 𝛹𝑛𝑥1

⋮ ⋱ ⋮
𝛹1𝑥𝑛 ⋯ 𝛹𝑛𝑥𝑛

) 

Such that a product by taking 𝛹𝐼𝑥𝑗 , X can be individual molecular orbitals, such that if 𝛹1 =

𝛹2 then 𝛹𝑋 = 0. These products much obey the Pauli-Exclusion principle by allowing only 

specific spin configurations of the electrons. The Slater determinant can then be calculated. 
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𝐸𝑞 3.5.10:  𝐸0 =  ∑
𝑍𝐾𝑍𝐽

|𝑟𝐾 − 𝑟𝐽|

𝑀

𝐾<𝐽

+ ∫ ((𝛹𝐻𝐹 − 𝛻𝑖
2𝛹𝐻𝐹

∗ ) + (𝛹𝐻𝐹 ∑
𝑍𝑘

|𝑅𝑘 − 𝑟𝑖|

𝑁

𝑖=1

𝛹𝐻𝐹
∗ ) )

+ ∑(𝐽𝑖𝑗 − 𝐼𝑗𝑖)

𝑁

𝑖<𝑗

  

Where the first term is also taking into consideration a nuclear-nuclear interaction, this is 

what is known as the Hartree-Fock (HF) method, where the central component of equation 

3.5.10 refers to one electron configurations.  This method is known as being a Self-Consistent 

Field theory (SCF), where every-time a new 𝐸0 is created, a new 𝛹𝐻𝐹  is guessed, and this 

process continues until  𝐸𝑛𝑒𝑤 − 𝐸𝑜𝑙𝑑 = 0. This allows for recalculations of the lowest energy 

at each step until the ground state is achieved. 

The disadvantages of using the HF method are quite severe; the electron-electron interaction 

is taken as an average value due to other electrons, rather than considering the correlation 

between them all. Calculation time also increases exponentially with electron number (N4) 

making it computationally expensive. [43-46] 

3.5.2 Density Functional Theory (DFT)  

As we know from the previous sub-section, computer simulations try to solve the Schrödinger 

equation (Eq3.5.1) to obtain information from vibrational frequencies, molecular orbitals and 

optimised geometries.  DFT Is the most successful method of computer simulations, ranging 

from the ability to accurately measure these properties of a molecule but also analyse more 

complex systems such as a quantum fluid.  

DFT is reliant on calculating the electron density of a system. If we define electrons as having 

spin functional, 𝑠, in a system of spatial orbitals, 𝑟, we can define these in terms of spin 

orbitals, �⃗� , as equation 3.5.11 

𝐸𝑞 3.5.11:      �⃗� ≡ (𝑠, 𝑟) 

Such that we can define probability function of the system of N electrons as: 

𝐸𝑞 3.5.12:      𝜌(𝑟) = ∫|𝛹(𝑥1, 𝑥2 … . 𝑥𝑛|2 𝑑𝑠𝑑�⃗�2 … . 𝑑�⃗�𝑛 

𝑊ℎ𝑒𝑟𝑒 𝜌(𝑟 → ∞) = 0 𝑎𝑛𝑑 ∫ 𝜌(𝑟) 𝑑𝑟 = 𝑁  
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Where 𝜌(𝑟) can be used to gather theoretical results on nuclear charge and ionisation energy. 

Based on the condition ∫ 𝜌(𝑟) 𝑑𝑟 = 𝑁, The variational principle can be defined in Equation 

3.5.6 to obtain more correct estimations of 𝜌(𝑟). 

The Thomas-Fermi model was the first to try and use DFT methods, it was assumed that 

electrons act like a uniform gas, such that the kinetic energy can be modelled  

The Hohenberg-Kohn theorem fixes this problem by having two key principles: 

• There is a one to one correspondence between the electron density and the ground 

state wave-function  

• The functional will only produce ground state energies if the wave-function is with 

respect to the ground state density.  

The first theorem implies that any observable feature can be uniquely determined by the 

electron density, such that: 

𝐸𝑞 3.5.13:   𝐸 = ⟨𝛹|�̂�|𝛹⟩, 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝑎𝑠 𝛹 → 𝑚𝑖𝑛, 𝑡ℎ𝑒𝑛  𝛹 → 𝜌0, 𝐸 → 𝐸0  

We can derive a Hohenburg-Kohn functional (HK) defining the ground state energy with 

respect to the density wave-function as Equation 5.3.6 

𝐸𝑞 3.5.14:     𝐸𝐻𝐾[𝜌] = 𝐸𝑘 + 𝐸𝑒𝑒 

Where 𝐸𝑘 is the kinetic energy referred to in Equation 5.2.3, and 𝐸𝑒𝑒 is defined as the electron 

exchange correlations, of which it has a singular classical component, which we derived earlier 

and is defined as 𝐸𝑐: 

𝐸𝑞 3.5.15:   𝐸𝑐 = (
1

2
) ∫ ∫

𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1 𝑑𝑟2 

However, a large part of 𝐸𝑒𝑒 is unknown, and what is unknown will be defined as 𝐸𝑥𝑐. 

Kohn-Sham investigated a more appropriate way of analysing the kinetic energy of a system, 

such that equation 3.5.16 defines a new term for a modelled kinetic energy, 𝐸𝑘𝑒: 

𝐸𝑞 3.5.16:     𝐸𝑘𝑒 = −
1

2
∑⟨𝛹𝑖|𝛻𝑖

2|𝛹𝑖⟩

𝑁

𝐼
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This now leaves us with the following functional denoted in equation 3.5.17, where the Kohn-

Sham energy (𝐸𝐾𝑆) can now be calculated using the correlation energy. 

𝐸𝑞 3.5.17:    𝐸𝐾𝑆[𝜌] =  𝐸𝑘𝑒 + 𝐸𝑐 + 𝐸𝑥𝑐 

Where the Kohn-Sham equation is defined as:  

𝐸𝑞 3.5.18:    𝑉𝑘𝑠(𝑟1) = ∫
𝜌(𝑟2)

𝑟12
𝑑𝑟2 + 𝑉𝑥𝑐(𝑟1) − ∑

𝑍𝑘

|𝑟1𝑘|

𝑀

𝑘

  

[47-49] where 𝑉𝑥𝑐 is the exchange correlation potential[47-49]. 

3.5.3 Periodic Boundary Conditions (PBC)  

Molecular dynamic and relaxation simulations aim to calculate the optimal structural and 

dynamic properties of a system ranging from tens to thousands of particles. However, as 

computation time is a function of the square of the electron number, on small scale systems 

the surface effect is negligible, however in reality for 2D materials of infinite length the 

surface effects are real. Graphene sheets bend and dip when modelled for large sizes, but 

small simulations will never capture that effect. Modelling an infinite film is impossible, 

however a more computational friendly method id to model a theoretically infinite film.  

Periodic Boundary Conditions (PBC) is the method of building a unit cell around the material. 

This is usually in the format of a primitive unit cell such as a FCC and is designed to incorporate 

the unit cell of the material being modelled.  

This unit cell is then repeated in N dimensions and surround the original in all dimensions with 

images of itself.  

A particle will interact with all other particles in its own unit cell, however it also has a finite 

distance where it will interact with particles within another unit cell, where there is a cutoff 

which at a specific distance there is no longer any more interactions modelled. This allows for 

fine tuning of calculations to reduce the calculation time but reduces the benefits of using 

PBC.  

3.5.4 Bloch’s theorem and Pseudopotentials  

As shown in equation 3.5.2 the solution of DFT is the sum of potentially infinite electrons with 

total freedom. This would require an infinite number of wave functions to be calculated. 
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Introducing a periodic potential, 𝑉(𝑟) we can express the potential with primitive lattice 

vectors, T, such that:  

𝐸𝑞 3.5.19:      𝑉(𝑟) = 𝑉(𝑟 + 𝑇) 

Defining the system as having PBC, we can describe the translational symmetry properties 

with Born-von Karman periodic boundary conditions to describe the motion of the electrons 

through a periodic potential. If a regular plane wave is defined as:  

𝐸𝑞 3.5.20:     ϕ(r) = 𝑒𝑖(𝑘.𝑟−𝑤𝑡)  

And then applying PBC, the crystal can be simulated in terms of many primitive unit cells, such 

that: 

𝐸𝑞 3.5.21:      ϕ(r) = ϕ(r + 𝑁𝑗𝐴𝑗) 𝑤ℎ𝑒𝑟𝑒; 𝑒𝑖𝑁𝑗𝑘.𝑎𝑗 = 1 

Where J is either 1,2, or 3, N is the primitive number of unit cells, 𝑁𝑗 is the number of number 

of unit cells in the jth direction and 𝐴𝑗 is a non-coplanar vector. Solving this for 𝐺. 𝑇 =

2𝜋𝑚 gives a solution for allowed wave vectors:  

𝐸𝑞 3.5.22:       𝑘 = ∑
𝑚𝑗

𝑁𝑗
𝐴𝑗

3

𝑗=1

 

Where 𝐺  is the reciprocal lattice vectors. This equation shows the Brillouin zone always has 

the same of primitive cells. Solving the Schrödinger equation for a periodic potential, the 

wave-function can be re-written as a set of plane waves 

𝐸𝑞 3.5.23:    𝐻𝜓 = − {∑
ħ2

2𝑚𝑒
+ 𝑉(𝑟)

𝑁

𝑖=1

} 𝜓 = 𝐸𝜓             

 

𝐸𝑞 3.5.24:                      𝜓(𝑟) = ∑ 𝐶𝑘𝑒𝑖𝑘.𝑟

𝑘

     

Taking into account the plane wave of a Bravais lattice, you can solve various potentials with 

their Fourier components, and that Hamiltonian matrix has a cut-off point of: 

𝐸𝑞 3.5.25:           
ħ2

2𝑚𝑒

|𝑘 + 𝐺|2  
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However, the number of electronic wave functions needed to accurately estimate core level 

electrons is overly large, however most physical properties are a by-product of number of 

valence electrons which are also a larger fraction of the total binding energy so a purely plane 

wave method is computationally inefficient and only really useful for hydrogen.  

To solve this issue pseudopotentials are used, they are approximations which remove core 

electrons and the strong nuclear potential and replaces it with a weaker pseudopotential 

which follows a set of pseudo wave functions.  

Pseudopotentials start with an all-electron calculation for a reference atom, to determine all 

electron eigenvalues, which are put into a Schrödinger equation with a pseudo-wavefunction, 

then the inverting of the Kohn-Sham equations with the that wavefunction (𝜓𝑝𝑠𝑢𝑒𝑑𝑜). 

Norm Conserving Pseudopotentials operate such that when generated they have the 

following description: 

𝐸𝑞 3.5.26:    ∫ 𝜓𝑒
∗(𝑟)𝜓𝑒(𝑟)𝑑𝑟

𝐸𝑐

0

= ∫ 𝜓𝑝𝑠𝑒𝑢𝑑𝑜
∗ (𝑟)𝜓𝑝𝑠𝑢𝑒𝑑𝑜(𝑟)𝑑𝑟

𝐸𝑐

0

 

So that everything electron up until the core level generate exact charge densities, so that the 

𝐸𝑥𝑐 is calculated correctly, pseudopotentials following this method have correct scattering 

properties over a small interval at energy of the atomic sphere’s, ε.[51,52] 

3.5.5 Perdew-Burke-Ernzerhof(PBE) Exchange-correlation function and the HGH method  

Exchange-correlation functions work as a method to calculate the exchange-correlation 

energy, 𝐸𝑥𝑐, required to solve the Kohn-Sham equations. All these methods calculate 

approximations,  𝐸𝑥𝑐, however each functional has it uses in certain types of calculations and 

will fail in others.  

Non-empirical functions such as PBE are the most used type of exchange correlation 

functional used, with PBE being completely parameter free it means it’s able to be used for a 

wide range of systems giving accurate results.  It uses the generalised gradient approximation 

(GGA), which has many advantages of the standard Local-Density approximation method 

(LDA). Although due to the inability to calculate Van der Waals forces extra corrections must 

be used.  
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LDA methods calculate the exchange energy using a simple density functional, shown in 

Equation 3.5.27 

𝐸𝑞 3.5.27:       𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜀𝑥𝑐

𝐺𝐺𝐴[𝜌(𝑟)]𝑑𝑟 

Where the GGA calculates the next derivative in the expansion, which reduces the bond 

dissociation error massively. The PBE functional was developed K. Burke, J.P Pewdew and M. 

Ernzerhof as an GGA approximation which was an adaptation of the PW91 functional. PBE has 

since been modified to use the Hartwigsen-Goedecker-Hutter method to form the commonly 

used PBE-HGH pseudopotential, which adds in a set of relativistic dual-space Gaussian 

pseudopotentials for the LDA using a specific set of parameters which improves the accuracy 

immensely[53]. 

 

3.5.6 Molecular dynamics – Car-Parrinello   

Classical dynamics is a method most often used to model weak forces which are 

thermodynamic processes such as polypeptide folding and partitioning of solvents. The Car-

Parrinello uses density functional theory initially to calculate the ground state energy much 

like in all the methods above. From this the forces on the nuclei can be computed and using 

various algorithms such as steepest descent or verlet and a velocity is calculated. Electrons in 

these calculations are given a mass usually 106 times larger than usual, this allows for the 

system to always stay close to the ground state energy, using Lagrangian dynamics described 

in the equation below: 

𝐸𝑞 3.5.33:   𝑙 = ∑
1

2
µ⟨𝜓𝑖|𝜓𝑖⟩ − 𝐸{(𝜓𝑖)

𝑖

(𝑟𝑖)(𝑧𝑖) 

Where µ is the fictitious mass of the electron, 𝐸 is the Kohn-Sham energy functional for a 

system. Atomic positions, 𝑟𝑖, are defined by a set of periodic boundary conditions, 𝑧𝑖. From 

this the Lagrangian equations of motion can be computed. After initial velocities are 

calculated, temperatures are also calculated using ideal gas laws and the Boltzmann 

distribution. After this the new positions are calculated and based of the dynamics of the 

system and the time-step denoted in the settings. Based on the kinetic energy and 
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temperature the simulation starts again by re-calculating the forces on the atoms. There are 

methods such as thermostats which stop the system gaining too much energy by controlling 

the temperature of a system within certain ranges[53]. 

3.5.7 Molecular dynamics – Quantum 

Unlike Car-Parrinello (CP) , Quantum Molecular Dynamics (QMD) can model the chemical 

reactions between two different substances, along with electron transfer and various other 

properties. The same principle applies to QMD as to CP, except instead of calculating the 

forces in a classical approach, the electrons have their regular mass and after each time-step 

the groundstate energy is calculated again, it is much like a standard DFT calculation except 

each atom will have an 𝐸𝑘e associated it along with more freedom for the evolution of the 

system itself. 
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Chapter 4 – Instrumentation.  
 

This chapter will discuss all the instrumentation used for the data gathered during this thesis, 

with a focus on the requirements for the measurement and in-situ treatments for XPS, 

NEXAFS and the additional requirements for the conduction of near-ambient pressure XPS at 

specific circumstances. The equipment that is also used for other complimentary techniques 

such as microscopy and scattering will be discussed also. Discussion will go into the hardware 

used for DFT calculations and software used to produce the images; as well as the software 

required for the analysis of the data used in all the above techniques.  
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4.1 Ultra-high Vacuum 
As previously stated, for increasing the count-rate of electrons reaching the detector, ultra-

high vacuum is maintained such that the chance of electron collided with anything is reduced. 

This also has additional benefits such that due to the nature of surface sensitivity in  PES 

experiments, ultra-high vacuum provides an clean environment for sample preparation and 

measurement. Using the Hertz-Knudsen equation which is defined as[1]: 

𝐸𝑞 4.1      𝜑 =
𝛼𝑝𝑁𝑎

√2𝜋𝑀𝑅𝑇
 

Where ϕ is the flux of molecules, α is the chance of a molecule sticking to the surface, 𝑝 is the 

pressure of the system, 𝑁𝑎 is Avogadro’s constant, 𝑀 is the molar mass of the molecules, 𝑅 is 

the gas constant, and 𝑇 is the temperature of the system. From the flux we can calculate the 

rate at which a monolayer of surface contaminants would adsorb onto our surface from Eq 

4.2 

𝐸𝑞 4.2      𝜑 =
1019

𝑡𝑚𝑙
 

Where 𝑡𝑚𝑙 represents the time taken for a monolayer of adsorbates to form.  

Table 4.1.1 shows the ranges of vacuum levels, there pressures and formation times for a 

monolayer of contaminants to occur.  

Vacuum range  Pressure (mbar) Formation time of a 

monolayer (seconds) 

Atmospheric 1000 10-9 

Low 1 10-6 

Medium 10-3 10-3 

High 10-6 10 

Ultra-high 10-9 10000 

Table 4.1: Table showing the ranges of vacuum level, the relative baseline pressure for that range, and the rate 

at which a monolayer of contaminants forms on the surface in these conditions. 

The time difference in monolayer formation between high and ultra-high vacuum is a factor 

of 1000, this is imperative for surface science analysis where samples can require hours of 
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preparation for surface treatments and cleaning and measurements can also take several 

hours. 

For achieving such low pressures, a series of pumps are used which pull gases and molecules 

out from the vacuum chambers. The initial step is the use of either scroll or roughing pumps, 

which get the pressures down to pressures as low as approximately 10-3 mbar. Roughing 

pumps are called as such due to themselves doing most of the initial pumping of 

gases/molecules from atmospheric pressure down to low vacuum levels operating in rough 

conditions (>99.9% of all atoms/molecules at atmospheric pressures are pumped out in this 

stage). At these low vacuum pressures’ turbo-molecular pumps can be operated, which 

consist of several rotating blades and stationary blades in A-B-A stack which are angled in a 

pattern to best accelerate particles to the exhaust. The rotary blades spin at incredibly high 

frequencies which pump energy into the gas molecules and given them a velocity in specific 

directions away from the vacuum chamber[2,3]. 
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4.2 Photo-Electron Spectroscopy  
 

4.2.1 Aberystwyth “REES” system 

Figure 4.2.1 shows an image of the entirety of the REES system, which consists of 4 stainless 

steel chambers. There is a load lock, plasma chamber, preparation chamber and an analysis 

chamber. The orientation is set up such that each individual chamber can be isolated from 

each other via a gate valve in situations such as plasma treatments, depositions, 

load/unloading samples and temperature treatments.  

 

 

 

 

 

 

 

 

Figure 4.2.1: Diagram of the REES system with specific components labelled which have relevance throughout 
the rest of this chapter. 
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Samples if applicable are sonicated in acetone and methanol for 10 minutes and dried using 

N2 gas to remove as much leftover solution as possible. They are then attached onto a 

tantalum faceplate either via spot-welding the metal itself if a foil is used as a substrate or 

using a tantalum strips or envelope if the sample cannot be spotwelded to the backplate. 

Figure 4.2.2 shows an example of this faceplate in-situ demonstrating the mounting of 

samples along with the wings of the sample plate which are required for transferring between 

chambers. Tantalum is used as it is thermally stable in UHV to high temperature and is 

unreactive at these temperatures for a lot of standard metals looked at in PES.[4] 

 

The load-lock is a small volume such that pumping down from atmospheric pressure to 5x10-

7 mbar is made to be as quick as possible. The sample is then transferred from the load-lock 

into the preparation chamber. The load lock is also set up such that the valve between the 

rotary pumps and chamber can be controlled along with a leak-valve such that 5x10-1mbar 

can be maintained for the controlled evaporation of nano-particle solutions for creating 

uniform thin films, as shown in Figure 4.2.3. 

Figure 4.2.2 – Gallium oxide sample mounted onto the tantalum sample plate. The sample is kept in 

place by a piece of tantalum foil, which is punched and then spot-welded onto the plate, keeping the 

sample secure whilst maintaining a good open area for X-rays to excite electrons from the surface. 
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The sample-plate is mounted into magnetic arm via the two wings forming the cross-piece of 

the faceplate, which clip into the magnetic arm holding it in place. The sample is then 

transferred into the preparation chamber where it is placed into the heating-stage of the 

manipulator. Both this chamber and the analysis chamber sit in the 5x10-10 mbar pressure 

range to reduce surface contamination which is obtained through “baking” the system at 

120°C for several days. This low pressure is maintained by baking the chambers to desorb 

contaminants sat on the steel walls and use the of titanium sublimination and ion pumps. The 

sample is then grabbed by the magnetic arm connected to the plasma chamber, from which 

it can either be transferred into the plasma chamber or the analysis where it will also be 

placed into a heating stage from which measurements can also be taken.  

Figure 4.2.3: Image showing two hematite nanoparticle films which were created via drop-casting 3μl and 1μL 

respectively onto platinum films and then slowly pumping down the load lock to 5x10-1mbar and maintaining 

the pressure until all water has evaporated. The larger droplet formed coffee rings due to the 3μL  droplet 

having a larger meniscus, and therefore parts of the droplet evaporating at different rates. 
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Samples in the analysis and preparation chambers are heated via a boralectric heater. This 

heater consists of three layers in total where the outer layers of Pyrolytic Boron Nitride (PBN) 

ceramic coat a pyrolytic graphite (PG) which current is based through and heats up the 

sample. PBN is highly un-reactive, has high electrical resistance and thermal conductivity, 

which allows for it to transfer heat between the PG and sample. Figure 4.2.4 shows the heater 

and sample holder for the analysis chamber whilst heating a sample, with labelling for the 

various components.  

 

The power-supply for the heaters is a Kenwood PDS60-12 which can either be controlled 

manually or via a LabVIEW program where custom heating profiles can be created. Precise 

temperature control via a feedback procedure from the thermocouple of the heater allows 

for heating cycles which are less than a degree accurate to the programmed temperatures.  

For both XPS and UPS measurements, Aberystwyth has a SPECS Phiobos100 hemisphere 

electron analyser (HSA) which has a design as shown in figure 4.2.5  

Figure 4.2.4: Boralectric heater annealing a sample at high temperature in the analysis chamber, with the 
cone of the analyser in the left corner. Current is passed through bolt A to B, where the bolts go through the 
heater and make contact with the PG centre. C labels the wings which lock the sample plate into the magnetic 
arm for transferring samples between chambers. 

A 

B 

C 
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The 180° circular travel path from the entrance slit to the exit allows for minimal to no 

distortion of the travel of the electrons. The entrance slits can be opened or closed to enable 

changes in spatial acceptance of electrons from the sample, closing the slit enables 

measurements of smaller areas on large samples if patterning for example has been 

undertaken, however the total number of electrons and therefore signal to noise is reduced. 

The resolution of the spectra can also be increased by decreasing the voltage between the 

outer and inner hemispheres, which is defined as altering the pass energy. This focusing of 
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Figure 4.2.5: Diagram of the Phoibos100 analyser used at Aberystwyth university along with the entire detector stack. 

Labelled the processes and several stages electron travel to from the sample to the detector, and the parameters which 

define energy resolution. 
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the electrons to this allows for finer measurement in different path lengths of electrons which 

allows for better kinetic resolution, but at the cost of rejecting more electrons entering the 

hemisphere and therefore the intensity. The energy resolution of the spectra can be 

determined by equation 4.2.1[5] 

 𝐸𝑞 4.2.1       ∆𝐸 =  𝐸𝑝 (
𝑟1𝑟2

2𝑟0 + 𝛼2
) 

Where r1 and r2 are labelled in figure 4.2.5, 𝑟0 is the mean between the two, 𝛼 is a constant 

related to the electrostatic lens system and 𝐸𝑝 is the pass energy of the detector which can 

be altered by the user. 

Analysers which operate in this method of collecting XPS spectra are designated as being in 

fixed analyser transmission (FAT) mode. This is a mode which allows the collection of 

electrons across large energy ranges by scanning the voltage applied to electrostatic lenses. 

An alternative method of acquiring data is the use of the snapshot mode, in this setting the 

lens mode and pass energy are assigned such that an image of the detector is taken which 

corresponds to the detector channels. The spectrum is given by the intensity of each pixel at 

the CCD and is therefore limited by the number of channels. 

Aberystwyth uses a custom-made multi-channel detector[6,7] for the purpose of increasing the 

spectral resolution in this snap-shot mode and electrons are detected via several methods 

when they reach the exit slit of the analyser. Typically, channeltron’s were and still are used 

used for their advantageous lifetime and dynamic range capabilities by altering the voltage 

across the analyser allowing for energy distributions to be measured. This method however 

has very low efficiencies as the number of electrons which do not make it past the electron 

slit, which had to be compensated by either increasing measurement times or reducing 

resolution.  

Current offerings from SPECS with the Phoibos 100 offer MCD-5/9 detectors. These detectors 

have channel electron multipliers as collectors. Electrons are moved across each collector 

channel step by step, and each individual electron is counted at every collector, allowing for 

5/9 spectra to be recorded simultaneously. The data from each collector is then summed 

together to obtain a total intensity of electrons for each kinetic energy. 
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Position sensitive detectors (PSD’s) allow for spatially resolved electron counting at the exit 

slit of the analyser. Although there are four types; discrete channel, coincidence array, charge 

division and optical image detectors, only the latter has been used and therefore will be 

discussed. 

Optical image detectors are an indirect measurement technique which converts electrons 

into an image onto a Charge Couple Device (CCD) using a phosphorescent screen. The screen 

undergoes luminescence when bombarded with electrons creating the image onto the CCD. 

This configuration has advantages over other methods due to measuring the electrons in two 

dimensions, such that kinetic energy and angular distribution can be determined. Due to the 

pixel density being a limiting factor, the pass energy defines the energy resolution and is given 

by Equation 4.2.2: 

𝐸𝑞 4.2.2           𝛥𝐸𝑘 = 𝐷(𝛥𝑝𝑖𝑥𝑒𝑙)               

Where D refers to the dispersion in eV/pixel. 

 

The uniqueness of the REES system at Aberystwyth it its ability to conduct these Real-time 

Electron Spectroscopy (REES) which allows for the measurement in real time via a MCD with 

768 calibrated channels connected to a 477-pixel CCD across the energy range which takes an 

image of the core levels in snapshot mode connected to a Phoibos 100 HSA.[6-8] Each snapshot 

is saved into the SPECS prodigy software, where the real-time information such as the 

temperature across the boralectric heater and the pressure readings from the chamber. This 

means that the final spectra created can be interpreted as an 2D image, where the intensity 

of the core level at each 𝛥𝐸𝑘 can be assigned for each scan across the X axis, and the Y axis 

representing each individual scan from the first till the last. As temperature/pressure readings 

are also saved for each scan, the Y axis can be defined as the temperature of the snapshot at 

each variable, and image plots can represent the changes in a core level through changes in 

temperature.  

UV generation for the REES system is from a SPECS UVS300 for the breakdown of helium to 

produce He(I) photons[9]. X-ray generation for the REES system is a twin-anode which is a pre-

vac 40B1 x-ray source which is a non-monochromatic flood gun which works via the heating 
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of two filaments for thermionic emission of electrons which are accelerated onto the anode 

at a high voltage (20kV).[10,11] The impact between the electron and the anode then causes X-

ray emission, which passes through an Al window and reaches the sample. The x-ray source 

at Aberystwyth has two anodes, an Mg and Al which produce 1253.6 and 1486.6 eV photons 

respectively although for this body of work only the Mg anode has been used. The X-ray 

source is on an linear-drive such that the flux of photons hitting the sample can be maximised, 

however during REES due to sample’s being hot and outgassing the source is taken back 

slightly from typical measurements due to the risk of coating the window with contaminants. 

Figure 4.2.6 shows a diagram for a twin-anode X-ray source. 
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Figure 4.2.6: Diagram of a twin-anode source showing the process of generation of Mg and Al photons via 
thermionic emission of electrons from a filament to create photons in the respective element films. 
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4.2.2 Manchester NAP-XPS system and B07 at Diamond Light Source.  
 

Although as previously mentioned that XPS typically takes place at UHV, the advancements in 

technology have allowed photo-emission measurements of substrates to be taken whilst at 

Near-Ambient Pressures (NAP) through the use of differential pumping between the sample 

and the HSA and control measures such that minimum contamination to the rest of the UHV 

system is controlled. [12] 

Manchester University uses a specialised NAP reactor cell by SPECS, which is a locking 

manipulator which forms a vacuum seal around the Phoibos 150 NAP analyser which is driven 

onto the HSA by a motorised manipulator. The sample then must be loaded specifically into 

the NAP chamber, which is then completely isolated for the analysis chamber via this locking 

mechanism and viton seals. A picture of the entire system with labels is shown in 4.2.7.  

 

 

 

 

 

 

 

The 

analyser has a cone of 1μm with an 100μm aperture which is placed just above the sample. 

As gas is flowed into the sample, the pressure at the sample can be varied and the pressure 

Figure 4.2.7: Entire NAP-XPS system at Manchester university, the bottom chamber is a typical Steel chamber 

where an additional NAP-chamber is driven in by the horizontal manipulator, mounting on the analyser to 

create a NAP-environmental cell. For more detail see SPEC’s specifications.  
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ranges are dependent on the flowrate of gases as there is still roughing pumping in the 

chamber such that over-pressurisation does not occur. At the sample substrate, there may be 

an effective pressure of 1-2mbar, but near the entrance slit of the analyser the pressure is still 

in UHV conditions. This differential pumping between the sample and entrance slit is done by 

sectioning the cone of the analyser into 3 section, each of which has its own dedicated turbo 

pump. This allows for low vacuum in the first stage, medium vacuum in the 2nd and UHV in 

the final which is displayed in Figure 4.2.8  
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The heater at Manchester was an e-beam heater which works by applying a current across a 

filament to produce thermionic electrons. A high voltage bias is then placed between the 
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sample and filament to accelerate the electrons to the sample plate to create heat via 

electron bombardment.  These near-ambient pressures were controlled through the 

controlling of a gas flow using a mass flow controller, where a flow rate, in mL/minute could 

be selected. The pressure in the chamber is a function of the flow rate of gas and a rate of 

pumping, in the NAP-cell. A flow rate of 0.3mL/min produced an internal pressure of 0.5mbar. 

Due to the ideal gas law, as temperature of the system increased so did the pressure. For 

experiments where the internal pressure was to maintain constant the flow rate of the gas 

had to be controlled via the mass flow controller. Fortunately, at the maximum measurable 

temperature of 420°C the minimum pressure was around 1mbar. The temperature the NAP 

chamber can reach whilst dosing is heavily dependent on the gas and pressures used. At high 

temperature the gas molecules become more energetic, allowing themselves to escape from 

the viton sealings and escape into the UHV chamber, this was more prominent with H2 gas as 

the smaller molecules were able to escape easier. The gas also acts as a coolant for the 

sample. Whilst this is beneficial for quickly cooling samples via increasing the pressure, which 

is common issue in normal XPS, this can also inhibit the maximum reachable temperature.  

At B07 the same analyser is used, however instead of having an independent NAP-Cell which 

clamps onto the analyser, the entire chamber is filled with the gas/vapour and is held in the 

chamber until the experiment is over. Although Manchester uses an monochromated Al-x ray 

source which is protected by a silicon nitride window, B07 has the advantage of being at a 

synchrotron and therefore the flux and changing of photon energy can be controlled for more 

surface sensitive XPS measurements and NEXAFS. Samples are  mounted onto a heater stage 

which is loaded into the chamber which is capable of resistive heating up to above 700°C. 

Dependent on the setup there is a removable transfer station which has the capabilities for 

Low Energy Electron Diffraction (LEED) measurements alongside ion sputter guns. The gases 

available are typically oxygen and hydrogen, with water dosing also available upon request. 

They use the same  Phoibos NAP 150 HSA however controls of the analyser and the photon 

energy is all conducted using Diamond Light Sources custom software.  

Figure 4.2.9 shows the diagram of the B07 branchline at Diamond Light Source. Where Figure 

4.2.10 shows the analysis chamber set-up, both images were obtained from diamond light 

source. 
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X-rays for a synchrotron are produced much differently from a standard lab source. Diamond 

Light Source is a third-generation synchrotron facility where electrons are generated via an 

electron gun at 90 KeV[15]. These electrons are then accelerated by a linear accelerator up to 

3 GeV, where they are introduced into a storage ring with a circumference over 560 m. At 

these energies the electrons are travelling at close to the speed of light and have a defined 

travel path controlled by bending magnets. Due to deflections from the bending magnets 

electrons consistently lose energy, so all 3rd generation synchrotrons have booster-rings for 

Figure 4.2.9: B07 branchline at diamond light source, where the B07-1 branch is the Ambient pressure 

system used in this thesis. Image acquired from Diamond Light Source website.[14] 

Figure 4.2.10: design set-up of the analyser and chamber at B07. Image acquired from Diamond Light Source 
website[14] 
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continuous top ups such that the total flux remains consistent. All energy lost from the 

bending and changes of electron velocity create photons via an energy loss process. These 

can be forced using wigglers and undulators. Wigglers are similar to bending magnets in that 

they deflect or bend electrons and photons in a much broader range then undulators, 

however the process results in a lot less flux then undulators, which can be beneficial if 

looking at unstable organic molecules which would suffer from degradation otherwise.  

 Figure 4.2.11 shows the design of the a typical 3rd generation storage ring like at Diamond 

Light Source:  

 

B07 has the initial B at the beginning because it is a branch line which gathers photons from 

changes in electron velocity near a bending magnet. For the photons to reach the branchline 

from the storage ring a selection of precisely tuned mirrors and lenses which are hit at grazing 
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Figure 4.2.11 Shows the design set-up for the storage ring at diamond light source. The flow of electrons is 

designated by black arrows, and photons with purple.  
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incidence as x-rays have a small reflection angle. The mirrors are generally configured via a 

Kirkpatrick-Baez configuration for calibration in vertical and horizontal directions[16]. 

X-rays generated via this method however are not monochromatic, which for XPS and NEXAFS 

experiments knowledge of the exact photon energy is essential. So upon reaching the start of 

the branchline grating and crystal monochromators work together to produce a 

monochromatic source. The grating monochromator acts much like the reflection gratings in 

crystals of visible light, where they are tuned to let a much narrower range of photons 

through. The crystal monochromator then uses Braggs diffraction to select photons of a 

specific energy. Even at a bending magnet branch line, the flux of photons is orders of 

magnitude more intense than a generic lab x-ray source, this allows for the use of lower pass 

energies and measurement of core electrons at lower kinetic energies. This results in spectra 

of a much higher surface sensitivity and better energy resolution. B07 has the capabilities of 

using energy ranges from 250-2800eV.  

The flow rate of gases into the chamber was controlled via a needle valve and measured using 

a capacitance monometer, this was less precise then in Manchester in terms of a consistent 

pressure. when increasing temperature on the sample, it meant manually trying to fine tune 

the needle valve to maintain a consistent pressure.  

Samples were mounted onto a SURFACE substrate manipulator which allowed for motorised 

control of the sample in XYZ position in-situ. This allowed for fine control of the position such 

that 1μm steps could be taken. Samples were heated via a resistive heater with a 

molybdenum surface maintaining contact with the substrates.  

All PES data was analysed in IGOR using the XPST using a Psuedo-Voigt profile[17]. The 

individual fitting parameters will be discussed at the start of each chapter, as the G/L ratio’s, 

peak widths will vary depending on the X-ray source used. For real-time core level snapshots 

each individual snapshot is fit with a certain criteria of being allowed a small width/G/L ratio 

range as both parameters will change whilst the sample is hot. The individual peaks, envelope 

and raw data will be shown in each spectrum.   
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4.3 Supplementary techniques  
 

4.3.1 Density functional Theory Calculations  

DFT calculations were done as a complimentary technique for comparisons to XPS and 

NEXAFS measurements to better understand the processes behind the modification of 

chemical species after treating them.  

Calculations were conducted in two different ways. Small atom systems (<200atoms) and test 

calculations of larger atomic systems (200-600 atoms) were conducted on a custom-built PC, 

which had an intel-5960X 8-core processor and 32gb of RAM. Calculations were limited to 

these small atom size systems on this system due to bandwidth limitations in the RAM and 

time constraints. 300 atom systems can easily use upward of 32gb of RAM depending on how 

much information from the SCF and WFC, and although highly clocked the 8 core-16 thread 

processor will struggle to complete a 300 atomic system in less than a week unless certain 

parameters (such as energy-cutoff, mixing parameters, diagonalization, zeroing internal 

energy, etc) allow for trade-off reducing calculation time and reducing calculation accuracy. 

For calculations of large sizes HPC Wales was used and 2 nodes were requested allowing for 

the use of 40 cores and 192gb of RAM.  

Quantum-espresso software was used for all relaxation and molecular-dynamics calculations, 

using PBE pseudo-potentials, and Gaussian09 was used for calculating vibrational modes of 

molecules using a B3LYP pseudo-potential with a 6.31g basis set18-21]. 

 

4.3.2 Raman Spectroscopy  

 

A Horiba LABRAM HR Raman spectrometer was used for the analysis of all samples using 

Raman with a 532nm 100mw laser. The laser was generally restricted to 1% power for 

nanodiamonds and 5FU samples as the samples will burn from the heat. Lower gratings were 

used for increased intensity at the cost of some resolution. All Raman spectra are taken as 

maps across 50x50μm squares, where the sample has been focused in on using an 100x/0.9 

NA Mplan microscope objective. The maps are gathered by the programming of the software 

to move the sample in X and Y directions using a motorised sample stage, where samples start 
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at 0x0, go across to 0x50 and then proceed onto 50x50, where the total number of scans is 

depending on the step size chosen. 10x10μm squares were chosen such that a total of 25 

Raman spectra are gathered which can be summed together or analysed individually. All 

Raman spectra was gathered at ambient temperatures as there is little resolution gains from 

cooling.  

All data is then processed in Origin, where only backgrounds are set to linear such that the 

comparisons of several spectra at the same time can be conducted. The 532nm laser was used 

for two main reasons. Firstly, it the most powerful laser we have in the lab by a considerable 

margin (50x stronger then pre-installed 632nm laser). Secondly, for nanodiamonds other 

lasers such as 785nm will not detect the D band with good resolution. Literature also is 

predominantly heavily focused on the use of 532nm for organic molecules and carbon-based 

materials, making comparisons to literature easier. We unfortunately did not have access to 

lower wavelengths for use for the nanodiamonds which would have been complimentary 

alongside 532nm[22-24]. 

4.3.3 Dynamic Light scattering  

DLS measurements were taken using a Malvern Zetasizer Nano ZSP. Refractive index for both 

nanodiamonds and 5FU was taken from literature, and measurements were taken at 25°C 

using a 10mW 633nm laser. Measurements were taken 3 times and averages of all spectra 

are displayed, however due to the nature of DLS measurements the difference between the 

individual 3 scans for each solution was nearly identical. There is potential for the 

measurement of Zeta potential which is important for nanodiamonds however due to time 

constraints this data was not obtained for any samples.  

4.3.4 Photoluminescence and Confocal Microscopy  

Photoluminescence data for the DNDs was collected using the HeLiOS[25] chamber at 

Aberystwyth, where measurements were taken at both 14 and 273K. However, there was no 

discernible differences in features in the spectra. All samples were illuminated using a 325nm 

UV flood source. Samples were mounted into a UHV chamber where the sample was then 

sitting perpendicular to a 50x optical objective which was connected via a fibre optic to a 

Horiba Labram HR spectrometer. Data was then plotted in Origin with the original raw data 

to give a genuine representation of the collected data. Hyperspectral Imaging was taken at a 
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series of colour ranges to analyse the difference between the 5FU/DND PL emission for the 

mixed solutions.  

Confocal Microscopy was conducted using a Leica TCS SP8 HyVolution 2 super-resolution 

Laser Confocal Scanning Microscope. Although there is a large range of laser sources for 

photoluminescence, a 593nm laser was used as it was close to the absorption peak of NV- 

centres whilst not causing PL for the bulk ND’s. The images produced were correlated from 4 

images taken in different spectral ranges and the final image is a focus on the regions which 

only exhibited a signal in the 600-660nm range, such that it focused on the NV- peak in 

comparison to the rest of the PL spectra. Multiple regions were taken and for reference 

images were also collected for a variety of different excitation energies but provide no extra 

information when compared to the presented data so have been omitted. 
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Chapter 5 – Oxidation of (001) and (111) diamond surfaces.  

 
The ideal method of oxidation for diamond surfaces is highly debated by various groups across 

the world. Several groups insist that acid treatments provide the cleanest surface as a starting 

point before any functionalisation should occur. Some groups believe that the acid treatment 

of the diamond causes some functionalisation of the surface that will inhibit later surface 

treatments. With NAP-XPS becoming more readily available, the ability to measure the 

oxidation and hydrogenation of diamond surface using high temperature anneals in gas and 

water dosing is a possibility. This chapter will show through various methods that the 

oxidation state of diamond surfaces is heavily dependent on the preparation technique.  

Quantum molecular dynamic calculations on a purely ketone terminated diamond surface 

were conducted for analysis on the surface stability without ether bridge sites. The chemical 

species on diamond surfaces were analysed when (001)/(111):H diamonds are oxidised using 

three different methods: An acid etch using boiling sulphuric acid and potassium nitrate; 

oxidation in 1mbar of pure oxygen; and introduction of H2O to a bare surface. The effects of 

these oxidation methods are studied with comparison to residual surface sp2, and whether 

one can alter the initial oxidation state. This was tested by annealing an acid etched diamond 

in pure oxygen. XPS and NEXAFS spectra deduce stoichiometry differences between the 

method of oxidation which can produce altering purity and oxygen species, which for device 

fabrication can have detrimental effects on the desired bandgap.  

These experiments were conducted on the NAP-XPS systems at Manchester and the B07 

beamline at Diamond Light Source. A monochromated Al X-ray source was used at 

Manchester, and at B07 unless otherwise stated a consistent photon energy of 840eV was 

used for optimal surface sensitivity whilst maintaining high signal. The available range of 

photons at B07 was 250-2800eV.  

For data from B07 all core levels were fit with a pseudo-Voigt profile with a 0.35 G/L ratio, 

with the peak width of the C 1s set to 0.9 and the O 1s peak set to 1.7. 
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5.1 Results  
5.1.1 DFT calculations of Diamond (001):O surface termination.  

Figure 5.1.1 shows the initial slab of (001) diamond, which has a purely ketone (C=O) 

termination which was set to run at 300K (RT) with large amounts of oxygen for a system of 

364 atoms. Only the surface oxygen and top 4 layers of carbon were left with freedom, and 

the bottom 4 layers were constrained to their positions to simulate a bulk material.  The 

marked region shows the central area of the slab where Figure 5.1.2 shows out-takes from 

the slab calculation where defects/processes occurred, which happened centrally in the slab 

circled in the blue region. The entire unit cell underwent considerable changes however due 

to specific parameters in the calculation the most strain in the crystal ended up being 

localised, whereas for a pure infinite slab these strain-sites would be more random in nature. 

 

 

Figure 5.1.1 A single-crystal diamond of (001) diamond consisting of a purely ketonic surface. This is the 

calculation at a point where t=0. The region in the cylindrical area is the point which will be discussed further for 

small unit cells. This cell was then built upon to reach the figure above, where the MD produced a stable structure  
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Figure 5.1.2: The centre of the slab at a t=30ps, some of the upper surface carbon atoms have started to form 

(2x1) reconstructions, labelled with the purple arrow. The Green arrow demonstrates the ketones bonding 

together to form a C-O-O-C bond.  The bottom model is taken from the full slab calculation. Modelled in Quantum 

Espresso.   
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5.1.2 – oxidation and modification of (001) diamond using acid and pure oxygen 

Hydrogen terminated diamonds were produced using a hydrogen plasma to hydrogenate the 

surfaces. The diamonds were then treated either using an acid treatment of sulfuric acid with 

potassium nitrate or annealed in pure hydrogen to remove surface contaminants and obtain 

the two comparative starting surface terminations. Both samples were annealed in 1 mbar of 

oxygen between 100-400°C with measurements taken at each step. Core level C 1s and O 1s 

scans were taken before and after each treatment such that comparisons could be made. 

Figure 5.1.3 shows the effect annealing in a hydrogen atmosphere for the removal of surface 

oxygen.  

 

Figure 5.1.4 shows the AFM of a polished diamond surface which underwent several acid 

etches, showing that the acid etch forms preferential pits in the surface where polishing 

marks were left, causing severe jagged areas in specific locations causing pits 10nm deep 

across several microns. 
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Figure 5.1.3: The effects of annealing an H:terminated (001) diamond in hydrogen at 300°C, the original signal 
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Figure 5.1.5 show the O 1s for the  (001) diamond for two treatments; an acid etched diamond 

after a 350°C anneal in UHV, and a hydrogen terminated diamond where it has undergone 

oxidation under O2 for 10 minutes at 100°C. 

 

 

Figure 5.1.4: AFM of a diamond which has undergone several acid etches, due to the nature of the boiling 

sulphuric acid removing the surface carbon atoms, where there is there pre-existing defects (such as polishing 

lines) this causes these pits to increase in depth, as evidenced by the 10+nm pit in the top right corner, denoted 

by the black arrow. 

Figure 5.1.5: The difference between the acid etched diamond which has undergone a 350°C anneal to 

desorb surface contaminants, the hydrogen terminated diamond shows a carboxylic acid group at the 

lower binding energy side, this would suggest there is still residual sp2on the surface that annealing in 

hydrogen at 300°C and oxygen at low temperatures is incapable of removing. Despite this, predominantly 

the oxygen formation at these low temperature’s favours C-O-C.  
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 Figures 5.1.6 shows the O 1s spectra for acid-etched diamond annealed in 1mbar of O2 at 400 

°C for 200 minutes, and a hydrogen terminated diamond after it has been annealed in 1 mbar 

of O2 at 400 °C for 200 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.7 shows the results of various DFT calculations which proceeds to find the minimum 

energy state for an (001) surface purely consisting of a ketone surface, this indicates that the 

peroxide formation is a precursor to a reconstruction into a (2x1) surface consisting of C-O* 

functional groups which would likely form OH groups if H was present.  

 

Figure 5.1.6: The O 1s comparison between an H-terminated diamond which is annealed in pure O2 at 400°C, 

and an acid etched diamond which is then annealed in O2 at 400°C, the acid etched diamond has a much 

lower ether to ketone ratio and show’s peroxide formation whereas the pure oxygen treatment does not.  
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Figure 5.1.8 shows the changes in the C 1s of the acid etched O-terminated (001) diamond as 

it’s being annealed at various temperatures from 100°C to 400°C in various stages during 

oxidation. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.7: From left to right, the optimisation path for the diamond (001) surface to obtain the minimum 

energy state, initially ketone groups will bind together forming peroxide surface groups, due to the peroxide 

group bond length being too short for a (1x1) surface, adjacent carbon atoms then reconstruct. The peroxide 

bond is then a less stable surface termination due to the close proximity of the oxygen atoms to each other 

than a C-O*, therefore the O-O bond breaks. 

Figure 5.1.8: C 1s of the O:terminated (001) diamond whilst it is undergoing an annealing cycle in 1 mbar of O2 

at various temperatures. In the O 1s we can see very little difference, however the low binding energy side of 

the C 1s suggests that it takes a considerable time under hot-oxygen conditions for the complete removal of 

any sp2 carbon.  
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5.1.3 Modification of (111) O:Diamond using pure oxygen 

Figure 5.1.9 shows the O 1s for a (111) oxygen terminated diamond after it has been annealed 

in 1mbar of O2 for 1 hour at 300°C, due to the surface only having one free electron, there 

must be surface sp2. A diagram how this can occur is shown in Figure 5.1.10 other than (2x1) 

reconstructions of the (111) surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.9: O 1s spectrum of an (111) oxygen terminated diamond which is being annealed at 300°C, due to 

the nature of the (111) surface C=O is impossible which shows that at this temperature region surface 

contaminants or reconstructions are still stable on the surface 

Figure 5.1.10:  a diagram showing the (111) diamond surface with a sp2 carbon bonded onto the surface circled 

in blue, which is only explanation for surface C=O other than carbon contaminants containing that group. 

Reconstructed (111) surfaces can have C=O however no LEED measurements were possible to observe any 

reconstructions.  
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Figures 5.1.11 shows the O 1s and C 1s core levels for the (111) diamond after it has been 

heated up to 400°C in 1 mbar of O2 in-situ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.11: O 1s and C 1s spectra after reaching 400°C, In comparison to figure 5.1.9 the amount of C=O has 

significantly decreased, and the amount of C-O has increased. Surface sensitive C 1s measurements using a 

380eV photon energy show that there is no observable sp2 left on the surface according to the C 1s, this is 

thought to be due to high temperature oxygen burning it off. 
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Figure 5.1.12 shows the high-resolution C-K edge auger-NEXAFS spectra for the H/O:(001) and 

O:(111) diamond surfaces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.12: Auger NEXAFS spectra of the C-K edge for the various terminations. The pre-edge features hold 

vital information about the occupied surface states. From the various O 1s comparisons between C=O, C-OH 

and C-O-C ratios can be analysed with the NEXAFS providing a different method of determining these. The peak 

just before 290 is the diamond exciton peak where the sharp feature indicates an high quality diamond. The 

diamond 2nd bandgap is the dip just after 300eV. The pre-edge features are of particular interest as they can be 

related to the different surface groups. The rise closest to the pre-edge between at 287 to 287.5eV is C-OH, 

where 286.3eV to 286.9eV is C-O-C. C=O should be around 285. The slight increase around 285 for the 

hydrogen will be the π* for sp2 carbon which was evident in the XPS.   
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5.1.4 Oxidation of (001) diamond through water vapour. 

(001)H:diamond was annealed up to 700°C to desorb any surface contaminants and some of 

the surface termination, and was then exposed to 1, 5 and 10mbar of water. Figure 5.4.13 

shows the C 1s at the various pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.13: C 1s of the (001) diamond after being exposed to 1,5 and 10mbar of water, there are subtle 

differences in the higher binding-energy side of the peak, however the most notable change is the shift in the 

peak position. 
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Figure 5.1.14 shows the O 1s of the (001) diamond after being exposed to 10mbar of water 

post 700°C anneal showing a hydroxylation of the diamond surface. 

 

 

 

 

 

 

 

 

 

Figure 5.1.15 shows the Auger O-K edge for the (001) diamond whilst under 10mbar of water. 

 

 

 

 

 

 

 

 

 

Figure 5.1.14: O 1s after exposing the diamond to 1mbar of water, there is a large increase in C-OH which 

suggests a hydroxylation of the diamond surface. 

Figure 5.1.15: O-K edge of the O:(001) diamond in-situ whilst being dosed with 10mbar of water, there is a 

distinct shark peak centred around 530eV which is attributed to the water. 520eV is ketone on the surface. 
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5.1.5 –dosing of O2 on the (001) diamond surfaces 

Figure 5.1.16 shows the gas phase peak and the O 1s for the (001) terminated diamond during 

an oxygen pressure series where the pressure was increased from 3mbar to 10mbar. 

Figure 5.1.17 shows a zoomed in spectra of the Figure 5.1.16 focusing in on the diamond O 1s 

demonstrating a shift in the O 1s spectra which could indicate charge transfer.  

 

Figure 5.1.17: O 1s spectra of the diamond surface which exhibits a shift due to electron transfer between the O2 

gas and the diamond. 

 
 

Figure 5.1.16: Oxygen pressure series showing an increase in signal of the O2 peak, the gas phase shows 

increasing intensity as pressure increases, the O 1s for the single crystal is already attenuated immensely by the 

gas.  
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5.2 Discussion 
 

5.2.1 Oxidation states of (001) diamond 

There is good correlation between the DFT and the NAP-XPS data for what occurs in instances 

where there is an excess of ketone on the surface of the diamond. Due to the instability of 

C=O carbon atoms, surface and sub-surface defects occur to try and stabilise the surface[1-2]. 

The DFT calculations (Figures 5.1.1/2) show that this occurs via a reconstructing process, 

driven by the formation of peroxide (C-O-O-C) bonding which then pulls the carbon atoms 

close enough to each other for a (2x1) reconstruction to occur. The MD calculation also shows 

that in cases where it can, ether bridges are the preferred termination, and the ketone only 

occurs to ease lattice strain or at defect sites where C-O-C is impossible. This also matches K. 

Larson’s work which suggests ether bonding is stable only for long ether chains (6+)[1,6]. This 

could be proved by repeating all these experiments in a NAP-chamber where LEED is available 

however the availability of both techniques being used in-situ was not available at the times 

of the experiments at B07 when the measurements and thoughts of a reconstruction first 

became apparent. 

 

Comparing differences in the O 1s between the acid-etch and the O2 anneals for both the 

hydrogen and acid etched starting surfaces, it’s evident that the method of oxidation has a 

drastic role in the surface species that are formed on the diamond surface. The AFM shows 

that surface roughening is a by-product of acid treatments which is validated in literature, this 

could cause step-edges in the crystal lattice or these pit features where ether bridges are 

impossible and therefore C-OH/C=O bonding is the only choice[3,4]. Annealing a diamond in 

oxygen after an acid-etch did little to change the surface composition of the diamond; this is 

interesting as this indicates that once the surface has reached a finalised state that the 

changing of chemical species from one oxidation state to another is difficult or near 

impossible to go from one to another. This has important implications for device fabrication 

or surface treatments of diamond in general where annealing in acid is generally used as an 

initial first step due to its ability to remove contaminant adsorbates from the diamond[5,7]. 

Best practice for surface diamond treatments in the future may be to avoid acid-etches 

altogether from a surface roughness and workfunction viewpoint. As discussed in Chapter 2 
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De Leon’s group found that the acid etched diamond produced a less-desirable surface with 

a lower than expected workfunction which was attributed to the smaller ether to ketone ratio 

when compared to other methods.[6] As shown in Figure 5.1.8 surface contaminants remained 

even on O:diamond when annealed to 300°C in oxygen has sp2 carbon, whereas the 400°C 

anneal in oxygen for both crystal orientations provided a complete termination whilst also 

burning any sp2 carbon, leaving an extremely high-purity surface and arguably the most clean 

diamond surface measured using PES techniques to date. Work conducted by D. Hu[8] showed 

that oxygen is desorbed from the diamond at 800°C, this could be a method of re-obtaining a 

clean diamond surface such that an complete oxidation could be achieved via annealing to 

high temperature and then flowing in a mixture of choice for the desired species, where from 

the work in Section 5.1.4 suggesting water vapour can be used to achieve an more uniform 

hydroxylated surface then anything previously reported in literature and by our group 

previously[6,8]. 

The annealing in hydrogen also shows that the removal of oxygen is possible via a more 

delicate way however this was mostly surface adsorbates rather than a reduction process. 

The H-terminated diamond after annealing in O2 at 400°C also demonstrated the largest 

percentage of C-O-C:O 1s of anything previously reported[8], this may be due to the ability of 

measuring the O 1s in situ and therefore having a perfectly clean substrate to analyse.  As this 

is the most thermally and geometrically stable surface it is perfect for device fabrication.  

A method of measuring the difference in work-function is by using a method first discovered 

by S. Axnanda, whereby taking into account the position of the gas phase, using the following 

equation[9]:  

 

Where B and C are constants related to the gas in question. Whilst Axnanda also calculated 

these values for oxygen, measurements were taken on Au and Pt substrates to determine 

these values of which we obtained approximately equal values to Axnanda. Where C was 

calculated to be 0.76 which is dependent on the gas used, and b is 537.8 which is a correction 

factor. as  
𝐵

𝐶
 is constant the change in the workfunction is equivalent to -1.316𝐸𝐵. Tables 5.1 

and 5.2  show the position, areas and ratios of all the oxygen species for all O 1s scans shown 

in the results section. 

 Eq 5.1      Φ =
𝐵

𝐶
− (

𝐸𝐵

𝐶
) 
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 Binding energy position (eV) 

Chemical 

Species 

(001):Acid (001):Acid Post 

O2 anneal 

(001):H Post 

O2 anneal 

(111): O2 

at 300°C 

(111): O2 

at 400°C 

(001): in 

H2O* 

C‐O 529.8 529.8 529.8 530.6 530.6 529.9 

C‐OH 528.8 528.7 528.7 528.8 528.8 528.8 

C‐O‐O‐C 531.3 531.3 531.3 N/A N/A N/A 

C=O 527.6 527.5 527.5 527.5 527.5 527.5 

O2 N/A 536.1 535.1 535.3 535.5 N/A 

 

 Normalised area intensity 

Chemical 

Species 

(001):Acid (001):Acid 

Post anneal 

(001):H Post 

O2 anneal 

(111): O2 

at 300°C 

(111): O2 

at 400°C 

(001): in 

H2O 

C‐O 1.24 1.46 1.57 0.23 0.38 1.1 

C‐OH 0.34 0.46 0.29 0.74 0.97 1.3 

C‐O‐O‐C 0.04 0.07 N/A N/A N/A N/A 

C=O 0.19 0.23 0.09 0.09 0.1 0.16 

 

 The shift in workfunction was calculated to be approximately 1.27eV, which is similar to what 

has been reported in literature[6,8]. It is also worth discussing that comparing the gas phase 

positions of the (001) and (111) diamonds when oxidised also shows that the (111) has a lower 

electron affinity, which is to also be expected[10].  

 

Table 5.1: O 1s spectra data for the different chemical species and their positions, where the change of the 

oxygen gas position relates to changes in the workfunction. Note for the Water series the binding energies have 

been shifted for correction as the analyser was un-calibrated during the first experimental time at B07 for the 

water experiments. The (111) surface will have a different position for C-O as it will be C-O*, as discussed in the 

next section. 

Table 5.2: O 1s spectra data for the different chemical species and their area intensity, such that conclusions 

about the rations between the different components can be discussed. 
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5.2.2 Oxidation states of (111) diamond 

There is a lot of disagreement on which components of the O 1s are the corresponding surface 

species, with variations of C=O, C-OH and C-O-C all being labelled in numerous references as 

being the highest, lowest and central binding energy positions each[10]. 

The benefit of oxidising both the (001) and (111) diamond in-situ under pure oxygen allows 

for exact determination of these species as due to the difference in hybridization. What can 

be deduced from the oxidation of the (111) is that due to the single electron only being 

available for bonding that only C-O and C-OH bonds can form on the surface if it’s (1x1). 

However there are several papers which suggest that depending on the level of oxidation and 

the method of preparation, the (111):O termination can actually be a reconstructed (2x1) 

surface where Pandey chains form. This can allow for formation of C=O bonds[11-13]. This is 

potentially validated in the XPS, and the temperature step between 300 and 400°C shown in 

figures 5.1.9/11 proving a critical step. C=O bonds which are present at 300°C started to 

desorb or break down when taken to 400°C and fully removed after 2 hours. Several papers 

also suggest that at 400°C the (2x1) reconstruction will break apart, which would also match 

the experimental data gathered. Although it can be known that the (111) diamond surface 

would be more stable with a C-OH bond, there is a lack of H in this oxidation process for OH 

to occur. We see an increase in the C-O:C-OH ratio as where C-C bonds are being broken, it’s 

being replace with C-O*. Comparisons between the various oxidation states of (111) and (001) 

diamond are helped by the high resolution NEXAFS. The pre-edge features for the H/O:(001) 

and O:(001) diamond show an overlapping of features, where the predominate peak in the 

O:(001) from the C-O-C at around 286.5eV, and the peak from the H:(001) being residual OH 

species merging together for the O:(111) around 287eV. The feature at 285 photon energy is 

usually assigned to π bonding in sp2 carbon[14-15]. However due to orientation of the sample 

and the polarisation of the beam the π*orbitals of C=O bonds are detected along with key 

differences which represent the different ratios of C-H, and C-O-O-C are considerably 

different from each other.  

These methods can be used to determine the definitive positions of the O-components in the 

C 1s, however there are large variations in the positioning of C-OH/=O/-O-C binding energies 

as these are also dependant on the local environment of carbon atoms. An electron from a 

carbon in a large ether chain will show a difference in binding energy when compared to a 
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carbon forming a singular ether bond with its neighbour. This along with a much weaker 

sensitivity makes determination of these groups possible from the C 1s useful but not clear. 

High resolution scans at low kinetic energy such as in 5.1.11 allow for greater surface 

sensitivity to be achieved. The area percentages of those components match what was shown 

in the O 1s. For future experiments the ability to use Low-energy electron diffraction to 

measure the unit cell would be ideal for determining surface structures. The potential to 

measure UPS in-situ during the oxidation process to measure differences in workfunction 

would also be Important, but unfortunately there wasn’t a He(I) or (II) source at Manchester 

and the lowest photon energy available at B07 is 200eV.  

 

5.2.3 Water dosing of (001) diamond surfaces 

There is a shift of 0.15eV in the C 1s between the UHV and 1mbar dosed spectra and the 5 

and 10mbar spectra, this is believed to be due to a charge transfer between the water ions 

and the diamond surface. DFT studies have shown this is possible where calculations have 

suggested this shift to be 0.16eV[16]. In the case of water, it is believed the H2O ionises and 

interacts with the diamond surface and weakly binds itself, forming H3O+[17,18,21]. Other groups 

have reported that when moving from NAP to ambient conditions in the case of oxygen 

actually then reverts any ionisation at the surface, for water dosing however it’s reasonable 

to assume that under regular ambient conditions dependant on the humidity water vapour 

in atmosphere can vary from 1 to 4%, which would only constitute effectively 10-40mbar of 

pressure. Unfortunately, due to the limitations of NAP and electron scattering the capability 

of being able to measure XPS whilst under 40mbar of water is currently impossible at B07 or 

Manchester. This is available at other facilities however the time taken for measuring an 

acceptable core level intensity of a substrate under NAP conditions changes from 40 minutes 

in UHV to 8hours at 10mbar of water for good resolution. Measuring 40 mbar would require 

several days for resolvable data. 
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5.2.4 Oxygen dosing (001) diamond  

Much like with water, there is a charge transfer between the diamond between the O2 gas 

and the diamond surface. The shift from the regular O 1s position occurs at 3-5mbar, however 

unlike with water, at pressures of 7 and 10mbar the O 1s returns to its original position, this 

is believed to be due to the effect of multiple layers of oxygen causing this oxygen association 

to break down, such that rather than the oxygen gas interacting with the surface oxygen and 

ionising, at larger pressures or multiple layers of oxygen the gas interacts with itself rather 

than the substrate[19-21]. The question which is ‘At what point of thickness do you go from 

surface adsorbates to two materials interacting’ possibly may be answered in this question 

for oxygen. This has been reported on in literature however it’s been typically reported this 

occurs at 10mbar rather than 7. This may have been due to the inabilities for precise control 

of gas flow of oxygen into the chambers, or due to recent works focus on even higher 

pressure’s (>30mbar). 

 

 

5.3 Conclusion 

The difference in oxidation state of (111) and (001) diamond surfaces using photoelectron 

spectroscopy techniques has been demonstrated. It has been shown that acid etching a 

diamond forms a much lower ether to ketone ratio than oxygen annealing which reduces the 

positive electron affinity of the oxygen termination. This large amount of ketone has been 

proven to be irremovable using different oxidation techniques, where potentially high 

temperature UHV annealments or H* plasmas may be the best method of removing this 

surface to then obtain a more desirable surface. The differences in electron affinity between 

these methods can also be calculated using the gas phase peak position, which produced a 

value of 1.27eV.  Band diagrams showing these differences are displayed below in Figure 

5.3.1. A higher percentage of hydroxyl bonding can also be achieved by dosing with water 

vapour rather than using acid or oxygen gas. The importance of the terminations being more 

desirable via a gas/water dosing is essential for device fabrication. For large scale fabrication 
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acid etching large quantities of samples would be considerably more difficult then annealing 

a large amount of samples in an industrial furnace at relatively low temperatures.  

DFT calculations have shown that large amounts of ketone on the surface are also unstable 

and may form due to incomplete oxidation procedures, causing surface defects, (2x1) 

reconstructions and formation of peroxide species. These species are then shown to occur 

experimentally in NAP-XPS, only occurring in the acid-etched diamond which has large 

amounts of ketone. This chapter has demonstrated that the avoidance of acid-etches for 

oxygen terminated diamonds should be a standard operating procedure for all oxidation 

processes. As annealing in 400°C oxygen is demonstrably more efficient at removing surface 

adsorbates and sp2 back bonded carbon. 

Through comparisons of high-resolution NAP-XPS and NEXAFS, the correct assignment of the 

chemical species in the O 1s can be definitively assigned to either ketone, hydroxyl or ether 

bonding to the diamond surface. 

Charge transfer between H3O+ ions and oxygen terminated diamond can also be shown via a 

shifting of the C 1s peak, where the shift matches reported values in DFT calculations. 

Figure 5.3.1 shows the band diagrams for both the acid etched, and hydrogen plasma treated 

diamonds after both had been annealed in oxygen.  

 

 

 

 

 

 

 

Figure 5.3.1 – Diagram showing the change in the band-diagrams for the acid treated (001) after being 

annealed in oxygen compared to the (001) diamond which had been terminated purely in oxygen. The 

workfunction and therefore electronic affinity greatly change. For devices where a large workfunction is 

essential then the acid is significantly worse then annealing a clean, hydrogen terminated diamond in oxygen. 

ΔΧ=1.27eV 

Χ=1.30eV Χ=2.57eV 
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Chapter 6 – Oxidation of detonation nanodiamonds 
 

The motivation behind this work was the desire to better understand the oxidation process 

of nanodiamonds. Currently the standard procedure for nanodiamond oxidation is either an 

acid treatment or annealing in air at 400+ Celsius. However, little is understood about how 

the temperature dependence effects the surface functionalisation of the nanodiamond[1-3] . 

This chapter will discuss the various preparation methods of detonation nanodiamonds for 

the removal of sp2 and for the oxygen termination of the nanodiamond surface. Initial 

samples were obtained from the raw-powder after the detonation process in South Korea, 

and the diamonds were treated in an acid-etch procedure of a 3:1 ratio of H2SO4:HNO3 for 72 

hours at 80°C or alternatively air annealed up to 450°C. Comparisons of the sp3 to sp2 ratio 

can be calculated from the Raman spectroscopy.  

H-terminated detonation nanodiamonds (91%  hydrogen, 9% oxygen)  were obtained from 

Element 6, which were treated through a series of solvent and milling processes and exposed 

to a hydrogen plasma. TEM was conducted to characterise crystallinity. The NAP-XPS system 

in the University of Manchester was used for In-situ oxidation XPS measurements. H-

terminated nanodiamonds were annealed in 1mbar of oxygen over the course of 48 hours. 

The nanodiamonds were heated up in 20°C steps from 200°C to 420°C where the O 1s and C 

1s core level spectra were taken in real-time. The temperature was only increased in 20°C 

when oxygen uptake plateaued. The gas phase was also measured so that changes in the gas 

phase binding energy can be used to calculate changes in workfunction such as in Chapter 5. 

Relaxation calculations were conducted to determine the stability of the oxygen surface. All 

nanodiamonds measured using PES in this chapter were deposited on a platinum (Pt) 

substrate and thin uniform films were created by in-vacuo evaporation of the DND 

suspensions to minimise any coffee-stain ring effects.  

For all XPS data analysed shown in this chapter, psuedo-Voigts have been used with a GL ratio 

of 0.35, with linked widths between all components, with a width of 1.63 for the O 1s, and 

0.9 for the C 1s with +/-0.05 freedom either side. All DFT calculations we conducted using 

quantum espresso and used a PBE pseudo-potential. All MD calculations were set with time-

steps of 1ps.  
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6.1 Results 
6.1.1 Preparation of DND-Soot 

Figure 6.1.1 shows the Raman spectroscopy for the DND-soot from as received which hasn’t 

received any treatments post detonation process in red, the soot after receiving the acid-etch 

procedure in blue, and the 450°C air anneal in black. Some features in the acid-etch spectra 

are caused by the periodicity of the laser and gratings. 
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Figure 6.1.1: Raman spectroscopy of the raw DND-soot and after two different treatments. The as received 

powder has a strong D peak centred near 1350cm-1 suggesting sp2 carbon. Whereas the D band for both the acid 

etch and air anneal both demonstrate a peak centred around 1329cm-1 which is associated as the nanodiamond 

Raman peak. the quality and suspension of DNDs after the air anneal is visibly better based on the signal to noise, 

suggesting potential contaminants on the acid-etched DND’s. The G peak is representative of sp2 hybridisation, 

which is why it is appearing for the graphitic covered DND’s, but not the air annealed as any sp2 carbon should 

have been removed.  
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Figure 6.1.2 shows the DND’s illuminated with a 325nm UV source to induce 

photoluminescence in DND suspensions of the as received and both oxidation treatments, 

where the air annealed DND’s can be visually seen to fluoresce. The resultant PL is also shown 

in Figure 6.1.3 when the air annealed DND’s are deposited on a silicon wafer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.3: PL spectra of the treated O:DNDs centred around 470nm which is shifted to a lower wavenumber then 

reported elsewhere. Research has shown the effect of the electron transfer between substrate and DND’s having an 

effect on the PL spectra which can alter the energy required for PL to occur. Measurements we’re also taken at -

259°C and 20°C but showed little to no changes. The peaks at 470, 510 and 570nm represent oxygen surface 

species, sp2 carbon and NV0 respectively.  
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Figure 6.1.2: From left to right; air annealed, acid etched and as-received DND powders were suspended in 

water and then exposed to a 325nm UV source for induced photoluminescence. The air annealed underwent 

photoluminescence suggesting that the band has shifted, and a complete oxidation has been achieved and that 

there is little surface contaminants. Neither the acid etched and as received DND suspensions undergo PL.  
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6.1.2 Oxidation of H-DND’s. 

Figure 6.1.4 shows the TEM of H-terminated DND’s deposited as a thin film using a 

micropippete. 

 

Figure 6.1.5 shows a DFT relaxed crystal structure of a DND which has an O-termination for 

the (001) and H-termination for the (111) orientations. The core (60 atoms) of the model was 

constrained such that the surface and sub-surface carbon atoms had some freedom of 

movement. 

  

 

Figure 6.1.4: TEM of the H:DND’s which show’s very distinct crystal edge’s shown in the blue squares in 

comparison  to DND’s seen in literature, this allows for comparisons to single crystal diamonds when discussing 

surface stoichiometry. 



123 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.6 shows the evolution of the O 1s in-situ whilst the H-terminated diamonds are 

annealed in 1mbar of oxygen at increasing temperature steps. Not all the temperature steps 

there were measured are displayed on this graph. However, the important steps at which 

visible changes to the surface chemistry were observed have been shown. They were in-vacuo 

evaporated onto a Au substrate. The measurements were taken, and several survey scans 

were conducted to find an area with no platinum signal such that we could be confident the 

measured oxidation in the XPS was purely from the DND’s. whilst the TEM does show holes 

in the film, it should be noted that an area with a hole was intentionally found and was difficult 

to do so. When conducting the TEM to determine the sizes of the nanodiamonds  would have 

been impossible without finding an area with holes, as there was no way of telling individual 

DND’s apart from one another in what was mostly a black uniform film.  

(001) 

(111) 

(011) 

Figure 6.1.5: Model showing a 2.8nm DND which shows the preferred surface bonding for the various 

terminations, due to nature of the hybridisation and the small number of atoms. Although some advantages 

can be obtained from single crystals it is important to note for example that the (001)ND Surface  is unstable 

for a full ether coverage.  
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Figure 6.1.6: Growth of the O 1s during the oxidation of H-terminated nanodiamonds measured using NAP-XPS 

at temperature. There are minimal changes initially however the uptake of oxygen didn’t start till 350°C where 

large amounts of oxygen chemically bonded to the surface. Minimal oxygen gains are then gained from 350-

420°C 
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Figure 6.1.7 show the O 1s for various key temperatures of the oxidation process which are 

points at which oxidation either stopped for more than 40°C or there was visible changes to 

the O 1s structure. There is real-time data for analysis at each individual temperature step 

however it was evident during the course of the experiment that rather than a continuous 

process whilst increasing temperature, that there was set temperatures at which oxygen 

species formed on the surface and large ranges up to 80°C where there was no change in the 

O 1s.  

 

 

 

Figure 6.1.7A-D shows the O 1s spectra of the H:DNDs at various points of the oxidation at 200, 280,320 and 

420°C respectively. Each step shows a different species growth. Between 200°C and 280°C there is an uptake in 

ether species, and at 280°C the formation of peroxide occurs. Between 280°C and 320°C the peroxide is stable 

and there is a further increase in ether bonding. Between 320°C and 420°C there is a slight increase in ether 

however a large amount of hydroxyl forms, throughout this entire oxidation process the amount of ketone 

groups on the surface remains relatively consistent. 

A A B 

C D 
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Figure 6.1.8 shows the gas phase peak positioning for all of the oxidation temperatures shown 

in Figure 6.1.6.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.9 shows the UPS data for the nanodiamonds before and after oxidation. This 

oxidation was not conducted in-situ however and was produced by ex-situ air annealing up 

to 420°C of H-terminated nanodiamonds and measuring it in the REES system in Aberystwyth. 

 

 

 

 

 

Figure 6.1.8: O 1s of the gas phase O2 as a function of temperature, where the shift of the gas phase is related 

to a changing workfunction of the nanodiamonds. Small shifts are visible between 200°C -280°C and 350°C -

420°C, however there is a large peak shift between 280°C and 350°C which coincides with the increase in 

ether formation on the DND’s surface during this temperature range. 
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Figure 6.1.10 shows the widescan of the H:DNDs pre and post oxidation at Manchester after 

annealing the sample to 420°C in oxygen, where there Is a visible increase in the O 1s:C 1s 

ratio  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.9: UPS spectra for both O and H terminated nanodiamonds showing a difference in their work 

functions of 1.3eV. This shift matches well with what is reported in literature for the difference in DND’s 

between the two terminations.  
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Figure 6.1.11 shows the C 1s spectra of the nanodiamonds after the O2 gas anneal up to 420°C 

at Manchester University, and when the sample had been cooled down in an O2 environment 

to allow room temperature to be achieved quickly. 

 

 

Figure 6.1.10: Widescan of the H and O terminated DND’s such that the ratio of the C 1s:O 1s can be visualised. 

The percentage of Oxygen increases from 3% pre-oxidation which is most likely from surface contaminants, to 

17% post oxidation which equates to having almost a 0.7ML of oxygenated surface of an DND assuming it is 

5nm. Zirconium can be seen which is believed to be from Cubic Zirconia used in the milling process, however the 

atomic % is so small (<0.5%) that the relative oxygen contribution from it to the O 1s is minimal.  
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Figure 6.1.10: C 1s of the DND’s post oxidation in-situ at Manchester. The percentage of OH on the surface has 

increased and overtaken the C-O-C bonds on the surface. this may be due to OH being a preferred formation at 

lower temperatures or residual hydrogen being free to bond onto oxygen sites upon the removal of the oxygen 

gas. To ensure an honest peak assignment constraints were kept consistent and peak widths set to match 

those of literature. High-resolution surface sensitive measurements of the C 1s were taken by Kerry Hazeldine 

at Aarhus synchrotron where photon energy was altered to determine the peak positions of the surface 

components. These components matched the positions of the components for the single crystal diamond work, 

but had an increased width of 0.4FWHM. For this spectra  all the peak relative positions are being constrained 

too the positions for the single crystal consistently. 
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6.2 Discussion  
 

6.2.1 Acid etch vs air anneal.  

Looking at the Raman spectroscopy between the as received detonation soot, acid-etched 

and air-annealed samples we can see that both oxidation treatments remove the majority of 

sp2 carbon, changing from D peak from 1350cm-1 to 1329cm-1 which is the difference between 

graphitic and diamond crystallographic structures. Due to diamond being a crystal lattice, in 

comparison to a sheet, they produce different vibrational modes upon excitation where 

diamond is 1332cm-1, nanodiamonds are 1329cm-1 and graphite is 1350cm-1. The signal to 

noise was considerably better for the air-annealed samples compared to acid-etched, where 

there are several potential reasons for this[4-6];  

1. Contaminants although broken down in the acid end up adsorbing back onto the 

surface. 

2. The acid has deformed some of the structure of the ND’s. 

3. Due to impurities in specifically nitric acid (such as metals) there’s potential that the 

surface has been damaged.  

It’s worth noting that when suspending the DND’s in water the acid-etched samples were 

severely unstable, this could be that the acid etches didn’t work correctly creating either an 

incomplete termination or there’s still some sp2 dangling bonds on the surface. However, 

both the air anneal and acid etch have been repeated several times and the results has always 

been identical to what’s been shown in Figure 6.1.1. 

The oxidation having an effect on the PL and its relevance will be discussed more in Chapter 

8, however it is important to note that although the emission spectra matches literature well, 

the exact centre is shifted slightly by about 20nm. As mentioned in Figure 6.1.3 the substrate 

has an effect on the emission of PL for nanodiamond[7]. Repeat experiments were tested with 

the annealed samples deposited onto platinum and gold but no PL was observed, this is 

theorised to be due to their workfunctions being large enough that holes are trapped into the 

substrate pulling away electrons from the DND’s such that the de-excitation and emission via 

the fluorescence process never occurs[7-9]. 
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The emission at around 680nm is rather unusual, although its centre aligns with the centre 

for the NV- fluorescence the shape is unrepresentative of this where instead of a broad peak 

it looks sharp. The likely cause for this emission is most likely a surface defect, with the main 

suspect potentially a metal contaminant imbedded into the DND’s[8]. 

 

6.2.2 Oxidation of H-terminated DND’s. 

The TEM show’s that DND’s are of an extremely high quality. Focusing in on individual DND’s 

reveals sharp edges which suggest a very crystalline nanodiamond structure with potentially 

very little sp2 or graphitic rings surrounding them. Although the samples for TEM were 

prepped with a very dilute solution, the visible clumping of them together suggests there is 

some agglomeration in the suspension[6]. 

The relaxation calculations showed that despite the previous slab calculations showing a 

preference of ether bonding, due to the small number of surface atoms and the flexibility of 

the diamond surface, the C-O-C bridge sites for stability are less essential for stabilisation of 

the surface structure. It also showed that the crystal orientations have different preferred 

terminations much like a bulk diamond. This may indicate that when oxidising the 

nanodiamond, a preferential oxygen species may be easier obtained for DNDs than bulk 

diamonds. It also shows that the quality of the DNDs is important; the higher crystallinity and 

larger sizes might display a more stable and higher electron affinity than DND’s such as the 

ones used in 6.1.1.[10]. 

Tables 6.1 shows peak position versus temperature during the in-situ oxygen annealing cycle.  

 Chemical Species positions (eV)  

Temperature (°C) C=O C-OH C-O-C C-O-O-C 

200 530.4 532.1 529.9 N\A 

280 530.5 532.1 533.0 534.6 

320 530.5 532.2 533.0 534.2 

420 530.5 532.2 533.1 N\A 

Table 6.1: Positions of the chemical species and how they changed throughout the experiment. The biggest 

point of interest is actually the shift of the peroxide peak between 280-320 Celsius as it started to break down. 
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Table 6.2 shows the change in the area intensities of the chemical species on the diamond 

surface at different temperatures.  

 

Table 6.3 shows the overall oxygen percentage in the wide scans at different temperatures. 

 

 

From looking at the raw intensity and the oxygen species evolution in the O 1s core level in 

the Tables 6.1/2 and Figures 6.16/7, there are a few key oxidation steps which might have 

high importance for future applications of O:DNDs. Based on the O 1s to C 1s intensity up until 

350°C there was less than a 25% surface coverage of oxygen on the DNDs. At certain 

temperature stages specific oxygen groups grow or modify in steps, which can have further 

applications for a controlled method of obtaining specific groups of oxygen species on 

nanodiamonds relatively simply. However, this may have the downfall that the overall surface 

oxygen percentage may be low. Ketone groups seem to attach almost instantly to the DNDs, 

most likely on step edges or on defect sites where the replacement of sp2 carbon may leave 

singular carbon atoms bare. After that initial ketone species growth at 200°C increased 

incrementally throughout the anneal. This could also indicate that as the annealing procedure 

burns away any sp2 on the surface, it attaches on the bare sp3 atom. Hydroxyl at  200°C is also 

at its maximum of its contribution to the surface oxygen, therefore if OH groups are required 

 Chemical Species normalised intensities  

Temperature (°C) C=O C-OH C-O-C C-O-O-C 

200 0.27 0.45 0.40 N\A 

280 0.27 0.3 0.66 0.44 

320 0.28 0.37 0.69 0.35 

420 0.28 0.80 0.84 N\A 

Temperature(°C) 200 280 320 420 

O 1s % 3% 6% 7% 17% 

Table 6.2: Area intensities of all the different O 1s spectra components observed during the annealing of 

nanodiamonds in oxygen. 

 

Table 6.3: Table to show how the O 1s intensity as a percentage of the survey widescan increased at the 

important temperature steps.  
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for a specific chemistry need, but other groups are undesirable, annealing up to 200°C may 

be an easier method then current methods of obtaining hydroxyl terminations as mentioned 

in Chapter 2. At 280°C we can observe that the amount of ether that has grown on the surface 

has increased. OH surface bonding had remained consistent, ketone had also slightly 

increased and peroxide has started to form also. Between 280°C and 320°C ether growth 

continues until it is by far the most notable surface species as shown in Figure 6.1.7 and Table 

6.2, which may be a key step if C-O-C is the most desirable bond as at 320°C ether is by 

percentage of all oxygen surface species at its maximum. After annealing above 320°C, 

peroxide is no longer stable on the DND’s and is completely gone by 350°C, indicating that 

the process of which peroxide forms such as reconstructions or large ketone ratio’s as seen 

in Chapter 5 for (001) diamonds fix themselves. Interestingly, as the peroxide becomes 

unstable at above 320°C and disappears by 350°C it’s between 320 and 420°C that hydroxyl 

growth then increases where it’s growth overall and in comparison to ether, where OH had 

stagnated beforehand. As the total intensity and the O 1s:C 1s ratio between 320°C and 420°C  

increases dramatically as shown in Table 6.3, this suggests that wherever the peroxide 

bonding is breaking down OH and some C-O-C groups are forming instead[11-14]. 

Much like in Chapter 5 with calculating workfunction changes using the peak position of O2, 

the effect of the workfunction of a material on the measured binding energy of a gas is much 

more evident in this step-by-step oxidation process[14]. Table 6.4 shows the oxygen gas phase 

peak position at various temperatures.  

Temperature (°C) Oxygen gas peak position (eV) 

200 539.0 

250 538.9 

280 538.9 

350 538.2 

400 538.1 

420 537.9 

Table 6.3. The position of the oxygen gas phase peak at different temperatures. It can be seen that in the first 

80°C, the peak only shifts by 0.1eV, however between 280° and 350°C, that 70°C step causes a change of 

0.7eV,this is when we see the oxidation start to significantly increase, thus we expect the electron affinity to 

change the most during this temperature step.  
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The biggest shift in peak position is observed when the predominate oxygen growth is through 

the creation ether species. This matches with what is observed for bulk single crystal diamond 

that ether bonding is the most important factor for the positive electron affinity in oxygen 

terminations. The total workfunction shift between the H-termination and O-termination is 

1.44eV by using the same equation given in 5.1, the change of  workfunction can be calculated 

from -1.316𝐸𝐵 as was shown in Chapter 5.2. where 0.9eV of that occurs in the 280 to 350°C 

alone. This value is in good agreement with the value obtained from the UPS from the air 

annealed, and what’s been seen in literature by others of 1.2-1.3eV as a difference between 

the two terminations. The overall electron affinity for each surface can’t be determined, as 

the correction factor, C[15]. 

Looking at the widescans it is evident that based on the O 1s:C 1s ratio that an oxygen 

termination has been achieved. Before the anneal, the H-termination DND’s had an oxygen 

coverage of 2.4%, but this is most likely due to surface contaminants or leftover oxygen which 

wasn’t removed during the H-termination process. Post anneal the oxygen percentage is 

16.8%, assumptions on whether this equates to a total surface coverage of oxygen due to fact 

that the size of the DNDs varies massively as can be seen in the TEM, and the larger sizes 

would have a much smaller surface:bulk ratio than smaller crystals. We can also see in the 

widescan a very small amount of ZrO2, this is believed to be used in the milling process of the 

raw DND powders.  

 

6.3 Conclusion  
 

DND soot was procured and treated with both acid-etch and air-anneal treatments to remove 

graphitic carbon shells from the DNDs. This was successfully achieved, however concerns over 

our final product purity can be answered in both the PL and Raman spectroscopy which shows 

that the air anneal produces a purer final product. With a greater diamond signal and a lower 

sp2 signal.  

H-terminated DND’s were annealed from 200°C to 420°C in 20°C steps to analyse the 

oxidation steps at various temperatures. The oxidation state of DND’s annealed in pure 

oxygen is dependent on the temperature of the DND, where at certain temperature growth 
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of specific oxygen species can be observed. This has relevance in situations where a desired 

oxygen species is required but the use of acid’s or reagents is unavailable or undesirable due 

to contamination chances.  

The change in workfunction between the H and O terminated nanodiamonds was shown 

through the measuring of the gas-phase O2 peak position and validated using UPS where the 

values for both data sets matches literature. The major driving force for the change in 

workfunction is the growth of ether groups on the DND’s between 280 and 350°C, 

contributing 0.92eV of the total 1.44eV measured by itself.  

DFT and TEM suggest that high-quality DND’s can be thought of as small particles of diamond 

where each face is almost equivalent to its bulk counterpart; however due to a reduction in 

surface size the stability advantages of long chains of ether bonds isn’t as effective, meaning 

that the nanodiamond surface has a more flexibility resulting in different surface species 

compared to the single crystal diamond surface.  Although there is potential they are 

agglomerated and have to be broken down before used in various applications [13] 

Figure 6.3.1 show’s the difference in the band profiles before and after the oxygenation of 

the DND surface. 
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Chapter 7 – Adsorption of Fluorouracil (5FU) onto diamond surfaces.  
 

This chapter will discuss experiments in controlling the amount of 5FU on diamond surfaces 

for applications in drug delivery and a continuation on work initially started by Dr Di Hu[1] at 

Aberystwyth University. Our group previously had deposited 5FU on H/O:(001) terminated 

diamond and measured film thickness and molecule orientation through the use of XPS and 

NEXAFS respectively[1]. 

DFT calculations using Quantum-Espresso have been conducted on H/O terminated diamond 

as well as the bare surface to determine the stability of the molecule in different 

environments. Raman spectroscopy has been conducted on 5FU in super-critical antisolvents 

deposited on a (001) diamond surface, in addition to measurements taken using Ag 

nanoflowers which are capable of surface enhanced Raman spectroscopy (SERS) to determine 

if the stability of diamond would inhibit the degradation of 5FU on the nanoparticles where 

measurements were taken hours apart from each other. Vibrational modes of 5FU were 

calculated using Gaussian09 software[2] to determine what the peaks in the Raman spectra 

represent. 

5FU as shown in Chapter 2 was attached to 5nm DND nanodiamonds with hydrogen and 

oxygen terminations and PES measurements were taken after 1mbar of water dosing to 

analyse stability, film thickness and orientation of the molecule. Dynamic light scattering 

measurements were taken as a complimentary method and to analyse the suspension of 

5FU:DND systems in water where 5FU is typically insoluble. Spectral imaging was then 

conducted for 5FU:O-DND’s to demonstrate if the photoluminescence can be used for bio-

imaging. Measurements were taken at both Manchester University and at the B07 branchline 

at Diamond Light Source. 

In subsequent measurements 40nm NV- ND’s were then coated with 5FU and the 633nm 

emission was investigated to evaluate if it would be strong enough for bio-imaging 

applications.  

Oxygen terminated single crystal diamond was achieved using boiling sulphuric acid and 

potassium nitrate. Oxygen DNDs were achieved through a 450°C air anneal of raw DND soot. 

SERS active Silver Nanoflowers (AgNfl) were purchased from sciventions, and the 
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H:terminated DNDs and 40nm Fluorescent nanodiamonds (FNDs) were obtained from 

Element Six.  

For XPS measurements C 1s peak fits were constrained with a 0.65GL ratio with an initial width 

of 0.9 with flexibility of +/-0.05 either side with all components constrained to each other.  

 

7.1 Results  
7.1.1 – DFT calculations of 5FU on diamond surfaces. 

Figure 7.1.1 shows the the molecular dynamics calculation of 5FU on a clean diamond surface, 

showing a degradation of the molecule where an H breaks off from the molecule. 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 7.1.2 and 7.1.3 shows the orientation comparison between the 5FU molecule when 

sat on a OH:(111) terminated diamond in comparison to the O:(001) terminated diamond 

from Chapter 5, where there is a subtle change in orientation but 5FU remains stable on both. 

Figure 7.1.1: Breakdown of 5FU on clean diamond (001) and the removal of H from a nitrogen atom  from the 
5FU. This H atom can either; A)  form a HF molecule as in[4], or attach to the diamond surface. 
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Figure 7.1.2: 5FU’s preferred orientation on OH terminated (111) diamond. The molecule is stable and exhibits 
a generally flat structure. 

Figure 7.1.3: 5FU on a (001) oxygen terminated diamond with a mixture of C-O-C, C=O and C-O-O-C bonding on 

the surface, unlike with the OH surface the 5FU bow’s more away from the substrate. 
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7.1.2 – Raman analysis of degradation of 5FU on Ag:Diamond interfaces. 

Figure 7.1.4 shows a diagram of how the SERS interaction appears to work for these silver 

nanoflowers (AgNfl)[3-4]and the resulting afm image from the AgNfl deposited on an O:(001) 

single crystal diamond. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1.5 shows the Raman spectra of the 5FU nanoparticles on a O:(001) diamond, and 

Figure 7.1.6 shows the SERS using the AgNfl with the 5FU at different time intervals. Figure 

7.1.7 represents the calculated vibrational modes of 5FU and the corresponding wavenumber 

for each peak.  

Figure 7.1.4 – Diagram of the SERS setup for monitoring 5FU degradation on AgNfl, and AFM showing the 

nanoflowers structure and size. 
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Figure 7.1.5: Raman spectroscopy of the 5FU molecule particles on an oxygen terminated diamond. Due to the 

lack of symmetry in the 5FU molecule the only vibrational modes which are detectable are ring stretches or 

breathing modes. 

Figure 7.1.6: SERS of the 5FU nanoparticles deposited on the AgNfl:Diamond surface. After 8 hours the 

molecule is showing a dramatically decreased Raman signal, suggesting that the molecule is degrading over 

time on the silver nanoflowers which agrees with previous experiments of 5FU:Ag interactions.[5] 
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Figure 7.1.7: Calculated Raman active vibrational modes and the corresponding wavenumber such that 

individual peaks can be compared to the respective bond. A diagram of 5FU is given for better association of 

these modes. Calculated using the G09 software package. 
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7.1.3 - 5FU on H:DNDs.  

1ml of 2w.t% H:DNDs were mixed with 0.01g of 5FU and left to settle for 30 minutes for 

sedimentation fractionation due to the insolubility of 5FU in water such that any coagulants 

sunk to the bottom of the solution. The top of the solution was then drop-cast onto a gold foil 

and in-vacuo evaporated. Figure 7.1.8 shows the XPS widescan for the 5FU:H-DND’s after 

dosing the chamber with 1mbar of water at Manchester university. The atomic percentages 

are in relation to just the 5FU:DNDs calculated in casaXPS[6]. From these percentages the ratio 

of 5FU:DND can be calculated using the NIST effective attenuation length database and 

software. 

 

 

 

Figure 7.1.8: Widescan of 5FU:H-DND solution, which is roughly 23% 5FU-DND. The Au 4f peak coming 

through suggests that an incomplete coverage. All atomic percentages are purely for the 5FU/ND.  
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Figure 7.1.9 shows the DLS measurements of the H:DNDs, 5FU and the solution containing 

them both.  

 

 

 

 

   

 

 

 

7.1.4 - 5FU on O:DNDs.  

1ml of 1w.t% O:DNDs was mixed with 0.005g of 5FU and left to settle for 30 minutes such 

that any coagulants sunk to the bottom of the solution for sedimentation fractionation. The 

top of the solution was then drop-cast onto a gold foil and in-vacuo evaporated and measured 

at the B07 branchline at Diamond Light Source. 

Figure 7.1.10 shows the variation of intensity ratio between the 5FU:DND dependant on 

whether 870 or 490eV photon energy was used. Figure 7.1.11 shows the fitted C 1s core level 

at 490eV. The C 1s was used as comparisons between the layers of 5FU to DND can be made, 

when an attempt to obtain an F 1s was made before a suitable number of scans could be 

obtained for good resolution the molecule had broken down.  

H:DND 5FU 5FU:DND     

Figure 7.1.9: DLS measurements of H:DND, 5FU and 5FU:DND solutions respectively in terms of the 

percentage of the solution by size.  
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Figure 7.1.10: C 1s of the 5FU:O-DND at two photon energies, showing that as the photon energy and the 

probing depth are increased, the ratio of DND:5FU increases. The spectral features look more defined and show 

different shapes at certain energies suggesting potential damage at the surface this is indicated by the loss of 

the features on the higher binding energy side (C-F) where the fluorine also disappeared from the survey 

spectra. 
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Figures 7.1.12 and 7.1.13 show the N-K edge and O-K edge for the 5FU:DND film respectively 

which were collected at B07.  

 

 

 

 

 

 

 

 

 

Figure 7.1.11: C 1s core level Spectra with peaks fit for 5FU and the O-DND at 490eV photon energy.  

Figure 7.1.12 – Auger N-K edge of the 5FU molecule which from information in the π* we can determine if any 

degradation has taken place and the orientation of the molecule, which the observation of a π* suggests a flat 

orientation with an incidence angle of 54°. The π*is broad due to the different environments the nitrogen in the 

ring exist in and some differences in the orientation of the molecule..  
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Figure 7.1.13: Auger O-K edge where the Pi* orbital, from this we can attempt to determine the orientation of 

the C=O bond and gain information on the orientation of the 5FU molecule on the surface. The broadness will 

be due to some scattering effects and the difference types of C-O environments will be present on the DND 

surface as well as differences in orientation of the molecule. As the nanodiamonds are spheres, not all 

detectable 5FU will be laying flat on the top surface. 
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Figure 7.1.14 shows a hyperspectral image taken of the 5FU:O-DND and the corresponding 

photoluminescence spectra indicating that coagulation is occurring. 5FU has a strong 

absorption in the blue band of the spectra and has a fluorescence spectra centred around 

570nm[13-14]. 

  

7.1.5 - Use of 40nm NV- DND’s for drug delivery applications.  

Figure 7.1.15 shows TEM of the 40nm NV- NDs. These are shown to display high crystal quality 

which, as mentioned in Chapter 6, is important for the understanding of surface termination 

species.  

Figure 7.1.14: Luminescence spectra and the resultant spectral image from 430-500nm from exciting the 5Fu 

coated O:DNDs with a 325nm UV source. Bright patches in the image which are representative of the DND 

fluorescence are occurring where due to large coagulations in the suspension inhibit a  full 5FU surface 

coverage of the DND surface.  
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Figure 7.1.16 shows the confocal microscopy of the 40nm NV- Fluorescent NDs (FND), which 

were probed with a 596nm laser. From comparing the PL of the DND’s to the 5FU:DNDs, we 

know that 5FU does not absorb in this wavelength. 

 

 

 

 

 

 

 

 

Figure 7.1.15 – TEM of 40nm ND’s which display strong crystal edges indicating a lack of graphitic rings, this 

allows for a simpler understanding of the terminations of the surfaces. It is assumed that each face exhibits 

structure similar to the bulk crystal.  

Figure 7.1.16: Confocal microscopy of the NV-ND’s which were pumped with a 596 laser to simulate the probing 

of the NV - vacancy in 5FU:ND scenarios. Each pixel has a 80x80nm resolution. 

40nm 
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7.2 Discussion 
7.2.1 - DFT of 5FU on (001) diamond surfaces. 

When considering the clean surface, hydrogen is stripped away from the 5FU, with the 

assumption that the diamond surface is trying to terminate itself. It would then follow suit, 

such as the previous studies indicated, that being as F would rather be in an H-F state in 

comparison to C-F that it might strip the individually bonded hydrogen from the surface.[5] 

However this was not observed during the calculation and is merely a hypothesis. This means 

that any free diamond bonds will damage the 5FU molecule, and the loss of a single hydrogen 

can drastically effect the chemical in its role as an anti-cancer drug as the N-H site is replaced 

to form fluorouridine triphosphate (FUTP) or fluorodeoxyuridine monophosphate (FdUMP) 

which is a requirement for break down of RNA and DNA and inhibition of thymidylate 

synthase[6-7].  

5FU appears to be stable on O terminated surfaces, and the DFT calculation of the flat laying 

5FU molecule agrees with the NEXAFs data obtained by Di Hu[1]. The orientation of the 

molecule is important as stacking defects occur in organic molecules which stack 

perpendicular to the surface[5] which would limit the number of total molecules which will be 

electrostatically attracted. This has implications for bulk diamond use as catheters or stents 

in the future as the termination will play an essential role in obtaining the desired effect 

whether it be to reduce clumping on the surface or act as a slow release mechanism.  

7.2.2 –Measuring degradation of 5FU using SERS. 

Measuring the bulk powder on its own, whether it be on a conventional silver film or diamond 

is unproductive, being as the molecule has low symmetry and generally likes to form polar 

balls in solutions where 200nm is a best case scenario for particle size using DMSO, observing 

a uniform thin film is impractical[9]. Attempts were made make a film but produced poor 

results. From Raman spectroscopy we can see the ring vibrational modes however they hold 

little information about the molecule or the stability of individual bonds, and as discussed in 

Section 7.2.1 each one is essential for the molecule to exhibit its benefits to patients.  

The measurements using the SERS active AgNfl provided surprising results. Where Figure 

7.1.6 show that it isn’t just that the silver mediates the breakdown of the molecules from 

C3H2FN2O2 into C3HN2O2 and HF[5-10], but over a long enough period of time the entire 
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molecule breaks as a reduction in all individual bond’s and the ring vibrational modes all 

decrease. This could be the difference between previous experiments being done in UHV, or 

that the HF starts to attack the molecule itself over a period. Scans were repeated 3 times in 

separate areas of the surface to ensure no localised heating from the laser was causing the 

breakdown of the molecule. The spectra shown are the average of those three areas. No 

measurable decrease over time for the ring bend or wagging for the 5FU on the single crystal 

diamond in the Raman spectroscopy was observed. 

This raises the question that currently in medical delivery of 5FU, is the flow rate of the drug 

quick enough that the percentage of 5FU molecules that sit on the Ag sites and breakdown 

unobservable? Future experiments involving the use of NAP to flow in vapours of 5FU on silver 

and various other surfaces would be interesting to see if there is a required amount of time 

that 5FU has to interact with silver before total breakdown is measurable at different 

pressures[5,10]. 

7.2.3 – H/O DND interactions with 5FU. 

From the PES, calculating the film thickness of 5FU on the nanodiamond surface gave values 

of 2nm for the oxygen termination, and 0.9nm for the hydrogen.  This was conducted using 

the NIST effective attenuation length data base software.  Where the equation is as follows: 

 𝐸𝑞 7.1       
𝐼𝐴

𝐼𝐵
= 𝐾

1 − exp (−
𝑑

𝜆𝐴𝑐𝑜𝑠𝜃
)

exp (−
𝑑

𝜆𝐵𝑐𝑜𝑠𝜃
)

 

Where 𝐼𝐴 is the intensity of the top layer of a material in XPS of which the thickness is desired, 

and 𝐼𝐵 is the intensity of the underlayer. The thickness of layer a is defined by d, where 𝜃 is 

the angle of measurement and 𝜆𝐴/𝑏 are the effective materials attenuation lengths. The 

relative intensity ratios between the two was calculated from the percentage of 5FU from the 

F 1s percentage, as due to charging determining the differences between 5FU and DND in the 

C 1s would be difficult. The ratio’s for the H/O:DND was determined from the spectra from 

Figures 7.1.8/11 respectively. For the H terminated samples at Manchester, 23% of the scan 

was contributed  to from 5FU (λ=1486.6eV), whereas comparing the C 1s at B07 (λ=490eV) 

89.7% of the spectra was 5FU.  
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The thickness measurements follows suit from the XPS data D. Hu obtained for the bulk crystal 

terminations, although the oxygen:DND had less 5FU than the single crystal, and the hydrogen 

had more. Unfortunately when looking at the C 1s for different probing depths by varying the 

photon energy, it could be seen that the fluorine was almost completely removed. Looking at 

the higher photon energies showed that the 5FU just below the surface was still stable, but 

after 30 minutes there was no evidence of any C-F bonds. Unfortunately, when an F 1s spectra 

was attempted there was not any visible signal by the 2nd scan. One explanation can be 

thought of is that the molecule itself degraded from the beam due to the large flux present 

at synchrotrons. The N-K edge matches what was observed for 5FU on the single crystal, 

suggesting that the molecule lays parallel to the surface.  

The dynamic light scattering also shows some coagulation in the H-terminated DNDs, and that 

even coating them with 5FU all that happens is this 1nm coating is applied to the smaller of 

the particles. It does appear to bind a lot more to these larger clumps forming what would 

appear to be layers of 4-5nm, this may due to several 5FU molecules being trapped between 

different DNDs and causing even further coagulation[11]. However as can be seen from the 

solution containing just 5FU, the particle size has been brought down drastically, such that 

the average particle containing 5FU is 10% of the size. This can have improved benefits in drug 

delivery where 5FU is theorised to be less efficient than expected due to the fact it forms 

these polar 5FU agglomerations in solution that have difficultly penetrating cell walls. 

Through the control of the oxidation of the DNDs the layer of 5FU can be varied by a nm, 

although this may not seem significant it is a >50% increase in the transported amount of 5FU. 

If the situation arises that the amount of DNDs introduced into the patient must be kept to a 

minimum to avoid concerns of large DND deposits in the body, O:DNDs may be the best 

alternative. This is without taking into consideration however the research going into what 

types of functionalised nanodiamonds end up in specific sites in a patient’s body. In this work 

both terminations also survived the initial water dosing of 1mbar to prove the stability of the 

drugs on the nanodiamond in the NAP cell at manchester. This is important as it shows that 

whilst 5FU is insoluble in water, it can be suspended in water via the physical adsorption onto 

DND surfaces and remains adsorbed even out of solution during dosing allowing for easier 

drug delivery and potential to avoid using more toxic solutions to suspend them.  
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From the luminescence data we can also observe that in comparison with the ND data from 

Chapter 6.1.2, the 5FU exhibits its absorption around 480nm and quenches the diamond 

fluorescence, this is important as for applications in bio-imaging any quenching from the 5FU 

will reduce the expected signal[12]. We observed no loss in any emission past 550nmm 

however, Which is ideal for biosensing using NV- diamonds as shown in Figure 7.1.16. This is 

if the NV- peak is isolated from the rest of the spectra, the intensity will be strong enough 

such that potentially individual nanodiamonds can be imaged. 

The TEM and microscopy showed promising signs for future applications of terminating FND’s 

with a specific chemical species, designated to control the amount of 5FU adsorbed for drug 

delivery applications with the benefits of reducing particle size and increasing chance of cell 

uptake, whilst allowing for bio-sensing in-situ. Further work would be to terminate these 

40nm NDs with oxygen, hydrogen and amine terminations and mix them with 5FU to obtain 

XPS and DLS measurements as well as repeated confocal microscopy measurements. Ideally 

for future experiments an ultrasonic probe would be beneficial to help breakdown any 

coagulation in solution. 

 

7.3 Conclusions 
The amount of 5FU that is adsorbed onto a nanodiamond surface can be controlled by 

modifying the nanodiamond surface. H-terminated DNDs adsorb 1nm of 5FU, whilst O- 

terminated adsorbed 2nm, whereas the bare diamond surface stripped away hydrogen from 

the 5FU. The molecule also suffered beam-damage during synchrotron investigations due to 

the high flux with the C-F bond breaking. Information in the N-K edge and O-K edge provided 

orientation information about the molecule on the surface where it lays in a flat orientation 

on the nanodiamond surface.  

DNDs and FNDs can be used as biomarkers whilst also delivering 5FU, with 5FU quenching any 

UV photoluminescence emission the probing of an nitrogen vacancy will remain unaffected if 

pumped with a 532nm+ source. 5FU coated nanodiamonds decrease the particle size of 5FU 

in solutions by over 1000%, this may allow for better cell uptake and therefore larger 

efficiency in the chemotherapy treatment.  

 



155 
 

References: 
 

[1] –DI HU. SURFACE MODIFICATION AND ELECTRONIC STRUCTURE CHARACTERISATION OF CARBON-BASED AND 

IRON BASED MATERIALS. PHD THESIS. AWARDED 2017. HTTP://HDL.HANDLE.NET/2160/04016083-F5C2-
4542-A75A-74EE93B36100. 

[2] – M. J FRISCH ET AL. GAUSSIAN 09. GAUSSIAN, INC., WALLINGFORD CT, 2016. 

[3] – N. CATHCART, V. KITAEV, MULTIFACETED PRISMATIC SILVER NANOPARTICLES: SYNTHESIS BY CHLORIDE-
DIRECTED SELECTIVE GROWTH FROM THIOLATE-PROTECTED CLUSTERS AND SERS PROPERTIES. NANOSCALE. ISSUE 22. 
2012. https://doi.org/10.1039/C2NR32031B. 

[4] – S. ROY, C. M. AJMAL. S. BAIK. J. KIM, SILVER NANOFLOWERS FOR SINGLE-PARTICLE SERS WITH 10 PM 

SENSITIVITY. NANOTECHNOLOGY. VOL 28. P46-57. 2017.  

[5] - MAZZOLA, F., TRINH, T., COOIL, S., ØSTLI, E. R., TORBJØRN, E., SKJØNSFJELL, B., KJELSTRUP, S., 
PREOBRAJENSKI, A., CAFOLLA, A. A., EVANS, D. A., BREIBY, D. W., & WELLS, J. W. SILVER CATALYZED 

FLUOROURACIL DEGRADATION; A PROMISING NEW ROLE FOR GRAPHENE. NOVEMBER, 2014. 
[6] - WALTON, J, WINCOTT, P, FAIRLEY, N & CARRICK, A 2010, PEAK FITTING WITH CASAXPS: A CASA POCKET 

BOOK. ACCOLYTE SCIENCE, KNUTSFORD, UK. 

[7] – MIURA. K, KINOUCHI. M, ISHIDA. K, ET AL. 5-FU METABOLISM IN CANCER AND ORALLY ADMINISTRABLE 5-FU 

DRUGS. CANCERS. BASEL. VOLUME 2. P1717-1730. 2017.  

[8] – P. BANERJEE, D. MUKHERJEE, T. K. MAITI, N. SARKAR. UNVEILING THE SELF-ASSEMBLING BEHAVIOR OF 5-
FLUOROURACIL AND ITS N,N′-DIMETHYL DERIVATIVE: A SPECTROSCOPIC AND MICROSCOPIC APPROACH. LANGMUIR. 
VOL 31. P10978-10988. 2017.  

[9] – P. KALANTARIAN, A.R. NAJAFABADI, I. HARIRIAN ET AL. PREPARATION OF 5-FLUOROURACIL NANOPARTICLES BY 

SUPERCRITICAL ANTISOLVENTS FOR PULMONARY DELIVERY. INT J MEDCINE. VOLUME 5. P763-770. 2010. 
DOI:10.2147/IJN.S12415 

[10] - RISINGGÅRD, H. K., ET AL. DEGRADATION OF THE CHEMOTHERAPY DRUG 5-FLUOROURACIL ON MEDICAL-
GRADE SILVER SURFACE. APPLIED SURFACE SCIENCE. VOL435. P1213-1219. 
https://doi.org/10.1016/J.APSUSC.2017.11.221 

[11] - A. KRÜGER, F. KATAOKA, M. OZAWA, T. FUJINO, Y. SUZUKI, A.E. ALEKSENSKII, A. YA. VUL, E. ŌSAWA. 
UNUSUALLY TIGHT AGGREGATION IN DETONATION NANODIAMOND:IDENTIFICATION AND DISINTEGRATION. CARBON. 
VOL 43. P1722-1730. 2005.  https://doi.org/10.1016/J.CARBON.2005.02.020. 

[12] – MICHAEL C. MILONE ET AL. THERAPEUTIC DRUG MONITORING OF SELECTED ANTICANCER DRUGS.  

[12]  - MICHAEL C. MILONE ET AL. THERAPEUTIC DRUG MONITORING OF SELECTED ANTICANCER 

DRUGS THERAPEUTIC DRUG MONITORING. AMITAVA DASGUPTA. ELSEVIER. P291-321. 2012.  

[13] - PASCU. M. L. ET AL. 5-FLUOROURACIL AS A PHOTOSENSITISER. IN VIVO. ISSUE 19. 215-220. 2006.  

[14] – YING. Y ET AL. A NOBEL 5-FU/RGO/BOE HYBRID HYDROGEN SHELL ON A TUMOR CELL:ONE-STEP 

PHOTOSYNTHESIS AND SYNERGISITIC CHEMO/PHOTO-THERMAL/PHOTODYNAMIC EFFECT. RSC ADV. P2415-2425. 
2017. DOI: 10.1039/C6RA25834D. 

 

 

 

http://hdl.handle.net/2160/04016083-F5C2-4542-A75A-74EE93B36100
http://hdl.handle.net/2160/04016083-F5C2-4542-A75A-74EE93B36100
https://doi.org/10.1039/C2NR32031B
https://doi.org/10.1016/J.APSUSC.2017.11.221
https://doi.org/10.1016/J.CARBON.2005.02.020


156 
 

Chapter 8 – Surface treatments of gallium oxide and their effect on 

the oxidation state.  
 

Aberystwyth surface science group has previously conducted research to show that there is a 

downward band-bending on ZnO surfaces and that the desorption of the OH termination can 

alter the properties of the surface from an accumulation to a depletion layer. The thermal 

stability of a surface termination in this instances are essential as oxygen vacancies form easily 

on Ga2O3 surfaces[1]. Electronic devices which may suffer from poor thermal conductivity and 

therefore studies into the desorption of surface terminations on similar TCO’s is essential.  

This chapter presents measurements taken from a (2̅01) single crystal of β-Ga2O3 with N-

type Sn dopant of 3x1018cm-3 donor concentration and Au/Ti ohmic contacts using real-time 

XPS measurements to characterise surface changes during a temperature cycle. Changes in 

peak area, binding energy reveal temperature dependence which may be due to changes in 

surface stoichiometry. These shifts depend on the preparation of the crystal so a variety of 

different treatments to oxidise the surface have been used. The peak shift and recovery whilst 

cooling the sample was potentially dependant on the surface treatment used to oxidise the 

surface.  

Changes are interpreted in terms of the surface OH species which start to desorb at high 

temperature are dependent on the surface treatment. It is also shown that at even higher 

temperatures that the Ga2O3 decomposes to a Ga metal state.  

 

These experiments were conducted using the REES system at Aberystwyth University as 

described in Chapter 4. All core level data has been fitted using a pseudo-Voigt profile with a 

0.65G/L ratio with constrained widths. The width for the Ga 2p3/2 component was set to 1.7eV 

whilst for the Ga 2p3/2 and 1.45eV for the O 1s, with the initial guess being allowed +/-0.05 

freedom. 

 

Work in this chapter contributed to R.M Gazoni’s publication discussing surface treatment 

effects on the band bending[2]. 
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8.1 Results 
8.1.1 – As received β-Ga2O3 Core level photoemission 

Figure 8.1.1 shows the Ga 2p3/2 and O 1s core level emission spectra for the as loaded sample 

labelled A and B, whereas C-D demonstrates the loss of surface species after a 600°C anneal. 

It is believed the hydroxylation of the surface occurs naturally via H2O interactions with the 

surface.[3] 

 

 

 

 

 

Figure 8.1.1A-D: Ga 2p3/2 and O 1s core levels of the as received Ga2O3 sample before and after a 600°C 

anneal. There is a reduction in the surface OH after the anneal. A and B show before temperature cycle, and C 

and D show after the temperature cycle. 



158 
 

 

8.1.2 Real-time XPS measurements of as received Ga2O3.  

Figure 8.1.2 shows a 2D image of the real-time measurements of the Ga 2p3/2 and O 1s 

snapshot core level spectra during a heating-cooling cycle from 30-600-50°C over 400 

minutes. Figure 8.1.3 shows the peak position of the Ga 2p3/2 during the same cycle which 

shows the shift in kinetic energy of the Ga 2p3/2 core level peak. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1.3: Peak position vs temperature for the Ga 2p3/2  core level spectra during the heating cycle, where the 
red line indicates the heating stage and blue points indicate the cooling stage for the same temperature cycle as 
indicated in Figure 8.1.2. 
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Figure 8.1.2: 2D image plots Ga 2p and O 1s core-level spectra during a heating cycle of 30-600-50°C. It can be 
seen there is a broadening of the Ga 2p3/2 that remains constant above 400°C and that the shift in peak position 
recovers on the cooldown. 
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The Ga 2p3/2 and O 1s real-time measurements show the same features, and the plot for the 

O 1s position vs temperature is similar to the Ga 2p in Figure 8.1.2C, the shape of the graph 

indicates a change occurs around 460°C at which the peak position plateaus and refuses to 

shift any higher. 

The sample was checked for charging[4] by altering the flux on the sample from the X-ray 

source on the sample by altering the distance between the two, however no changes in core 

level position were observed for this experiment and all the experiments from this point 

onward. The real-time fits work via setting a pseudo-Voigt peak for the very first scan, and 

with allowing it some flexibility (variations in width was over 0.2eV due to the heating of the 

sample causing a broadening of the peak). The peak centre was taken as the measured shift 

in kinetic energy.  

8.1.3 Core level measurements and REES of NaOH treated β-Ga2O3 

The β-Ga2O3 sample after annealing to 600°C in UHV was treated in 1M of NaOH at 60°C for 

30 minutes. The sample was then rinsed in de-ionised water and then dried using N2 gas.  This 

treatment is predicted to produce a stronger type of bonding on the surface, the sample was 

then loaded into the REES system, and heated then cooled from 30-600-30°C during 400 

minutes and real-time measurements of the core levels were taken.  

 Figure 8.1.4 shows the Ga 2p3/2 and O 1s core levels before heating.  

Figure 8.1.4: Ga 2p3/2 and O 1s spectra before the heating cycle after treating the β-Ga2O3  in NaOH. Showing a 
re-oxidation of the surface after annealing it off in section 7.1. There is more OH on this surface then the as 
received. 
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Figure 8.1.5 shows the real-time spectra for the Ga 2p3/2 and the O 1s core level spectra. 

Figure 8.1.6 shows the peak position vs temperature during the same heating cycle showing 

a different shift profile when compared to the as received. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There is a difference in the change in the peak position when cooling down between the as 

received and the NaOH treated surfaces, the peak maintained its shift throughout the cycle 
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Figure 7.1.5: REES 3D images of the Ga 2p3/2 and O 1s core levels, the initial low intensity is due to the large 

amount of surface carbon contaminants on the β-Ga2O3 after NaOH treatment.  

Figure 8.1.6: Ga 2p3/2 core level spectra showing the difference in peak position vs temperature for 

the NaOH measured in real time during the heating cycle, which exhibits a different profile in 

comparison to the as received. 
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and remained constant during cooling. The band bending may be fixed in this case for higher 

temperatures.  

8.1.4 Core level measurements and REES of H2SO4 treated β-Ga2O3 

The NaOH treated β-Ga2O3 sample after being annealed to 600°C in UHV was treated in 40% 

concentration of H2SO4 in DI water at 100°C for 30 minutes. The sample was then rinsed in DI 

water and then dried using N2 gas. The oxidation of the surface whilst in the presence of H2SO4 

is believed to produce an OH termination which is free standing.[4] The sample was then 

loaded into the REES system and heated then cooled from 30-600-30°C for 400 minutes and 

real-time measurements of the core level snapshots were recorded.  

 Fig 8.3.7A-B shows the Ga 2p3/2 and O 1s core levels before the heating cycle whereas C-D 

show the resulting core levels after the heating cycle and being left in UHV for 18 hours.  

  

Figure 7.1.8 shows the real-time spectra for the Ga 2p3/2 and the O 1s core level spectra. Fig  

 

Figure 8.1.7 A-D shows the core levels for the β-Ga2O3 before and after the heating cycle, which as can be seen 

there is a notable reduction in the OH surface groups post anneal.  
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8.1.9 shows the peak position vs temperature during the same heating cycle showing a 

different shift profile when compared to the as received. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 8.1.9 we can see that there is a plateau between 280-400°C which may indicate 

a range at which there is change in the process occurring at the surface. The peak shift whilst 

heating is different from the other two treatments, but the cooling down is similar to the as 

received sample. 
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Figure 8.1.8: 2D image of the peak position and width of the Ga 2p3/2 and O 1s core level spectra during the 

annealing cycle measured in real time. Initial low intensity in the Ga 2p3/2 is due to surface adsorbates. 

Figure 8.1.9: Peak position vs temperature for the Ga 2p3/2 during the annealing cycle of the β-Ga2O3  measured 

in real time, showing a different profile to the previous two surfaces. 
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8.1.5 Decomposition and metallisation of NaOH treated β-Ga2O3 

An NaOH treated β-Ga2O3 was annealed up to 860°C during a cycle to determine the 

temperature at which the surface OH is completely desorbed from the surface. Figures 7.1.10 

shows the Ga 2p3/2 and O 1s core levels after the sample has been annealed to 860°C. Figure 

8.1.11 shows a plot of the real‐time data of the core level of the Ga 2p during the same cycle 

as 8.1.10  

 

 

 

 

 

 

 

 

 

The oxygen did not start desorbing until 740°C, however upon reaching 860°C the sample 

degraded to having a monolayer of gallium on the surface. 
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Figure 8.1.10: Ga 2p3/2 and O 1s core levels of β-Ga2O3 after annealing the NaOH treated sample up to 860°C, the 

position of the metallic gallium peak matches the literature value.[5]  

Figure 8.1.11: 2D image of the Ga 2p core level collecting in real time during the annealing cycle, the increase 

in peak width towards the higher temperature is due to the formation of metallic gallium on the surface. 
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8.2 Discussion. 
 

The OH termination of β-Ga2O3 causes an upward band-bending of the conduction and 

valence bands near the surface, however the type of chemical treatments which were used 

to achieve the termination varies the nature of the OH bonding and coverage. Knowledge of 

the stability and variations in the band-bending is crucial for optimisation of β-Ga2O3 for 

device applications[7]. 

The area of the core levels from all the real-time measurements were calculated to deduce 

the stability of each surface’s OH group. Table 8.1 shows the data for the ratio between the 

Ga 2p3/2 and O 1s spectra for before each cycle compared to at 600°C which is obtained from 

the area of the real‐time spectra. 

Table 8.1: the ratios of the Ga 2p3/2 and O 1s core level spectra before and after the temperature cycles obtained 
from the real-time measurements. 

Surface treatment Ga 2p:O 1s as loaded   Ga 2p:O 1s at 600°C Ga 2p:O 1s Difference.  

Natural formation 4.96 5.98 1.02 

NaOH 4.82 4.96 0.14 

H2SO4 5.03 6.39 1.36 

 

There is also information in the ratio of the GaOH- Ga2O3 which is provided in Table 8.2 and 

calculated from the core-level spectra which was measured 16 hours after the sample had 

cooled down to 50°C and the real‐time data. For the NaOH treatment the ratio was measured 

using the real‐time data. 

Table 8.2: Ratio of the OH:Ga2O3 in the core-level O 1s spectra. 

Surface treatment OH: Ga2O3 as loaded  OH: Ga2O3 post 

anneal  

OH: Ga2O3 percentage 

Difference.  

Natural formation 11.2% 6.3% 4.9% 

NaOH 11.7% 11.3% 0.4% 

H2SO4 11.0% 3.01% 7.99% 
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The naturally formed OH termination desorption only occurred after 250°C and maintained 

relatively stable up until 550°C at which point desorption ceased. This indicates a temperature 

region at which the little remaining OH on the surface is stable. Desorption of the OH species 

on the NaOH treatment was minimal, only occurring during small intervals at 150, 260 and 

510°C. Acid treatment (H2SO4) created the least stable termination, where OH groups started 

to desorb from the surface at 160°C where it steadily continued until reaching a maximum at 

420°C when comparing the O 1s:Ga 2p area ratios in Table 8.1. An Ga 2p:O 1s ratio of around 

5.0 equivalates to 1ML of OH on the surface, whereas Figure 8.1.7 indicates a almost complete 

desorption. It is important to note the high‐resolution core levels taken and shown are 15‐18 

hours after the final REES measurements, as cooling down to RT takes over 10 hours. Due to 

the nature of the BN ceramic heater in the REES system storing hydrogen we believe it does 

re‐hydroxylate the surface over time, however even as seen in the core levels the final values 

are much lower. The theory behind this increase in stability for the NaOH treated surface is 

that the H is also bonded to surface O atoms, increasing the amount of energy required to 

break the surface OH away from the β-Ga2O3
[11]. 

The electronic band-bending can be explained by the peak-shifts in the core levels in the XPS. 

The shift in kinetic energy can be directly compared to the shift in the band bending. With any 

measurements of wide-bandgap semiconductors evidence of photovoltage or charging have 

to be investigated to ensure the peak-shift is related to band bending. The X-ray source was 

taken back to reduce the flux on the samples to ensure any measured shift was not due to 

photovoltage and measurements at two different fluxes produced the same peak positions in 

core level spectra. The sample also had Au/Ti contacts annealed into the back and front faces 

to ensure no charging occurred also. The unique shape of the peak shift versus temperature 

for each treatment whilst undergoing the same heating cycles validates the proposal that 

peak shifts are from surface band bending. The image plots as well as the scatter plots 

demonstrate that each different surface treatment affects not only the total band bending of 

the surface, but also the rate of bending and rate of recovery that occurs also. Table 8.3 

summarises the shifts in terms of the max shift and final shift during the realtime 

measurements, and the shift between the core levels before the heating cycle and 18 hours 

after the heating cycle., where the shifts also match those reported in literature[7-8]. 
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Table 8.3: The Ga 2p3/2 core level shifts measured in kinetic energy, where the maximum shift is the max it peak 
shifted whilst heating, the final shift which indicates the core-level shift at 50°C, and the shift measured when 
core levels were taken 15 hours afterwards.  

Surface treatment Maximum shift (eV) Final shift (eV) Post 15 hour shift (eV) 

Natural formation 0.48  0.17 0.15 

NaOH 0.3 0.3 0.3* 

H2SO4 0.49 0.31 0.29 

 

Where NaOH maintains its shift from REES core levels, suggesting that any changes induced 

are stable at RT and might be potentially due to a change in nature of the OH bonding on the 

surface whilst still maintaining a ML of OH termination. Whereas for the naturally formed and 

H2SO4 treated surfaces, the recovering of the shift can be thought as a re-hydroxylation of the 

clean surface, an experiment involving take each sample post anneal out to the load lock of 

the UHV system, vent to air for 30 minutes, and then remeasure the sample was thought as 

a good way to prove this theory, however due to time constraints this was not possible but 

leaves further work for conclusive proof. This work is similar and the concepts behind what 

causes the surface downward band bending to researched previously conducted in the group 

on ZnO[10] and follows on from the work demonstrated in this thesis on 

diamond/nanodiamond, that for wide band-gap semiconductors the method of preparation 

and the produced oxygen species on the surface are important for device fabrication in 

various aspects.    

The temperature required for the removal of the OH species from the NaOH is very close to 

the temperature of degradation for β-Ga2O3. Since there were only small amounts of metallic 

gallium visible in the XPS, it can be assumed that the surface becomes irreversibly damaged, 

with potentially the Ga-O bonds breaking and releasing the oxygen, leaving metallic gallium 

on the surface. In this instance, it may be safer to use other techniques (such as the acid 

treatment) first when attempting to remove the OH groups rather than just annealing to high 

temperature. The β-Ga2O3 still showed a slight shifting of the band-bending even after 

metallisation which would be expected for a semiconductor with a metal film on the surface, 

this would form a schottky junction causing the gallium oxide to undergo band bending to 

match the gallium fermi level. When the crystal was removed from UHV the crystal was 
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treated in 1M of H2SO4 and we found that in XPS there was no metallic gallium on the surface, 

this might suggest any gallium on the surface is free-standing rather than chemically bonded.  

  

8.3 Conclusion  
 

The data shown above shows that the method of oxidation for β-Ga2O3 is important for 

producing a thermally stable OH termination, and that the termination itself causes a surface 

band-bending which can be modified by annealing in high-temperature in UHV.  

It’s shown that NaOH treated surfaces are thermally stable up to 700°C and that H2SO4 treated 

surfaces are the least stable. The band bending has been shown to increased more drastically 

after annealing the H2SO4 treated sample, however the peak-shift is more stable for the NaOH 

surface. This show’s there may be a difference in the way the OH bonds to the surface which 

is shown in DFT calculations[9-10]. Manipulation of the band-bending via carful surface 

treatments will have great benefits for potential metal-semiconductor contacts and 

heterojunctions. [12-13] 

Figure 8.3.1 shows a band profile for the Ga: β-Ga2O3 interface.  
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Chapter 9 – Further Work and Conclusions 

9.1 Further work  

9.1.1 – Oxidation of diamond/nanodiamonds under NAP 

The oxidation of both the single crystal and nanodiamonds has only been measured using 

photoelectron spectroscopy using O2 and H2O. However, there are various other gases which 

would be interesting, such as the use of carbon monoxide to see if the molecule is broken 

down for use as a catalytic convertor. There is also the potential of using an oxidised surface 

with CO to see if the carbon monoxide will form CO2 and remove oxygen species at a high 

enough temperature. The use of nitrous oxide would have also been interesting in having the 

capability of measuring with any N is left on the diamond surface and being able to measure 

if then forms N2. Ozone would also be interesting to use as it is a more unstable molecule 

which may allow for a lower-temperature oxidation to occur on a hydrogen terminated (001) 

diamond.  

Other acid etches for comparison to the one used in this thesis would also be beneficial, 

where other groups use a piranha etch (H2SO4 and H2O2) which is believed to produce a 

difference in the surface species also.  

Annealing and measurements at higher temperatures are also preferable, where it’s been 

reported that 450°C is the optimal oxidation temperature of DNDs but unfortunately the NAP 

cell in Manchester is limited by the seals between the NAP-cell and UHV chamber. 

Approaching 420°C led to an increase in pressure of UHV chamber from 8x10-10 mbar up to 

4x10-8mbar where concerns about oxidation of the X-ray source had to be considered. Higher 

temperatures based on the rate of pressure increase would have also taken the X-ray source 

above its recommended operating pressure. 

Measurements of the single crystals crystallographic structure using LEED measurements 

would be extremely advantageous, as any (2x1) surface reconstructions could have been 

measured however unfortunately there was not the capabilities to do this at both Manchester 

University and Diamond Light Source at the time.   
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UPS measurements during the oxidation, such that the workfunction for each termination or 

at set temperatures can be calculated and directly compared to the gas-phase shifts. B07 is 

limited to 200eV photon energy which is too high for UPS and the NAP cell at Manchester is 

unable to fit a He(I/II) source due to the limitations of instrumentation. Valence Band spectra 

however can be obtained at B07.  

More complex calculations involving finding minimum energy structures for a variety of 

different bonds (such as max ether length before a C=O/C-OH occurs) would be ideal, and 

FTIR measurements to confirm the surface chemistry on DNDs during oxidation would provide 

a complimentary method to the PES. 

9.1.2 - Fluorouracil on diamond  

DLS measurements for the nanodiamond/5FU:ND suspensions after ultra-sonication would 

provide a much better particle size due to the agglomeration of particles. Synchrotron 

measurements of the 5FU on the O:DND without the breakdown of the C-F bond would also 

provide a complete story. The testing of the efficiency of the 5FU:ND mixture in HeLa cancer 

cells is also the next step for the research. Trialling 5FU:ND solutions have been discussed 

with several potential partners however experiments  have yet to start.  

9.1.3 - Other terminations of nanodiamonds 

Measuring nanodiamonds in a variety of gases at temperature at NAP has many potential 

future pathways. Future experiments by Aberystwyth University materials group in the 

upcoming year are trialling a variety of different gases to determine if the process of achieving 

different terminations which aren’t currently discussed are possible.  

9.1.4 - Oxidation of gallium oxide. 

DFT calculations to demonstrate the type of OH bonding that forms on the surface dependant 

on the environment the Ga2O3 is introduced too would provide a better understanding of the 

stoichiometry between them. It would also help to determine the reasons why the NaOH is 

more thermally stable than the others. Other oxidation methods such as NAP-PES 

measurements exposing the crystal to H2O or O2 would also be interesting to see if the upward 

band-bending could be increased even further. Measuring how the shift and OH ratio changes 
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and recovers for lower temperature cycles would also provide information and further 

validation the change in binding energy is a real effect. 

UPS measurements or other methods of measuring the work function of the sample and 

LEED/PEEM to measure the structure of the metallic gallium on the surface.  

9.2 Conclusions 

This thesis demonstrates the work conducted on the effect of the oxidation method on the 

oxygen species of wideband-gap semiconductors. Dependant on the preparation used, the 

band-bending, electron affinity and thermal stability can alter drastically. There is a difference 

in the ratios of chemical species on oxygen terminated (001) diamond when comparing an 

acid etch and oxygen anneal from a hydrogenated surface. Annealing the acid etched surface 

anneal in oxygen modifies the surface but going from the acid etched surface to the oxygen 

annealed surface is impossible. This shows there is limit that the maximum electron affinity 

of an oxygen terminated diamond etched in acid has, which is much lower than the air 

annealed. This is believed to be due to C=O bonds on the surface. Annealing the acid etched 

diamond in oxygen coverts ketone into peroxide bonding on the surface, which is validated 

by DFT calculations.  

The PES shows that the oxidation of nanodiamonds has specific growth temperatures where 

one type of oxygen species grows. Peroxide bonds form on the nanodiamond are stable for 

only a temperature range of 280° to 320°C where it’s theorised that it’s the conversion of 

ketone groups into either a C-OH bond or reconstructing the crystal surface. The oxygen 

terminated diamond showed an increase of 1.4/1.3eV in workfunction from measurements 

of the O2 gas and UPS measurements taken ex-situ in the Aberystwyth system respectively.  

The electrostatic attraction of 5FU onto diamond and nanodiamond surfaces has been studied 

using a mix of DFT studies and PES techniques. The effect of the oxidation state, and therefore 

the electron affinity affects the amount of 5FU that adsorbs onto diamond surface where a 

clean diamond surface will strip an H off the molecule.  NEXAFS confirms that on O:surface 

that the molecule has a flat laying orientation even for nanodiamonds. Mixtures of ND:5FU 

can bring down the particle size of 5FU by over 10 times. This has implications for drug 

delivery applications and may increase the chance of cell adsorption.  
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The type of oxidation treatment of Ga2O3 affects the amount of surface OH species, the 

thermal stability and the upward band-bending of the bandgap. Whilst NaOH treatments 

produce a thermally stable OH termination the acid etches produced a stoichiometry which 

decreased by over 70% between room temperature and 600°C. The break down temperature 

of the NaOH surface species was found to be above 800°C, where at 860°C the Ga2O3 surface 

decomposed down into metallic gallium. This is important for device fabrication where the 

H2SO4 treated surface started to decompose from 120°C.  

The work conducted in this thesis between the treatment of DND’s, single crystal diamond 

and Ga2O3 the data suggests that the use of acid treatments is highly unrecommended. Acid 

treatments have been shown to roughen crystal surfaces where there is residual polishing 

lines, produces an un-optimal termination which is both thermally unstable and can be 

considered inferior to other methods of oxidation, and can introduce further contamination 

to substrates and is more difficult to process. For device applications, crystals will need to be 

fabricated and modified in bulk. This may prove difficult for the use of acids, whereas treating 

a tray of crystals to a 400°C anneal in a suitable environment such as O2 would be considerably 

easier to use post treatment.  

 

 

 


