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Abstract 

 

A number of CVD diamond surfaces were grown and subjected to dressed photon-phonon 

etching in order to recreate results achieved by Yatsui et al.1  who realised a superflat single 

crystalline diamond surface, and an investigation into repeatability of the results on a 

multicrystalline diamond surface was carried out. The dressed photon-phonon etching was 

applied to the surface through the use of 254 nm light emitted through UVO treatment. 

Atomic force microscopy and scanning electron microscopy were used to evaluate the 

topography of the diamond surface and determine whether the UVO treatment had an 

observable and quantifiable effect on the roughness of the diamond surface. 

The data obtained suggested that dressed photon-phonon etching occurred on the 

multicrystalline diamond surface but not on a scale or timeframe comparable to that 

achieved Yatsui et al. on a single crystalline diamond surface. 
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CHAPTER 1. INTRODUCTION  

 

1.1. Diamond 

Diamond has long been known for possessing highly sought after physical properties, such 

as extreme hardness, thermal conductivity2 and many more, spread over a huge range of 

applications. However, due to the extreme scarcity of diamond as a natural resource, 

diamond was unable to be widely used in scientific applications for many years and was 

mainly used purely for decorative purposes as a precious mineral. Over the last century, 

research into the synthetic growth of diamond has progressed dramatically, leading to a 

great increase in the availability of diamond surfaces, and thus also in the use of diamonds 

in a wide array of modern industry. This has led to research into the implementation of 

diamonds surfaces as substrates in a wide range of industrial uses3. 

However, the use of synthetically grown diamonds in industry is somewhat limited by the 

surface roughness and non-uniform characteristics of the microcrystalline surface4. A 

number of contact polishing processes are available but due to the extreme properties of 

diamond, these are impractical and this project extends research into non-contact polishing 

processes, in particular dressed photon-phonon etching, and determining whether non-

contact polishing methods are suitable for creating uniform, flat diamond surfaces. 

 

1.1.1. Uses in modern industry 

Although large, natural diamonds are a scarce resource, synthetic diamonds are a material 

prevalent in modern industry. The many extreme properties of diamond render it an ideal 

material to be used in a large number of different applications, mainly due to high resistance 

to external forces. For many years the toughness of diamond has been utilised in 

construction industries as dust, grit, and small fragments in order to act as an enhanced 

abrasive or cutting tool5, but since the advent of synthetic diamond as a widespread 

resource, synthetic diamond has been used in many different industrial applications. 

Diamond films have been deposited on titanium alloys Ti-6Al-4V and Ti-6Al-7Nb in order for 

use in the aerospace and biomedical industries6, and the resistance of diamond to extreme 
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temperatures and a high dielectric constant leads to diamonds being a sought after material 

for use in high temperature capacitors7. Diamond films can also be used as radiation 

detectors8; as heat sinks9 and high power laser windows10. As shown, the properties of 

diamond can be utilised in many diverse applications, and this is only made possible by the 

advancement of synthetic diamond growth technology, allowing diamond to become a 

common and easy to obtain material. 

 

1.1.2. Growth of diamonds 

A number of different techniques for the growth of synthetic diamonds in the laboratory have 

been used since the discovery of synthetic diamonds. Historically, high-temperature, high-

pressure (HTHP) systems have been used to synthesise diamond by imitating the conditions 

which enable the growth of natural diamond. Bundy et al. (1955)11 first describe a 

reproducible technique used to synthesise diamond using HTHP apparatus, and gave proof 

that diamond was yielded, due to diamond being the being the thermodynamically stable 

product under the apparatus conditions. However, it has since been discovered that the 

diamond present in this ground-breaking experiment was a fragment of a natural type Ia 

diamond12 and not the so-claimed synthetic diamond, although the technique used has held 

up to scrutiny and been used to successfully synthesise diamonds for many decades13. 

Although this was a system successfully used for many decades, HTHP apparatus has 

many shortcomings. For example, the extreme conditions needed for this system leads to 

high equipment and maintenance costs, and if similar results could be obtained without the 

need for such extreme conditions there would be an obvious cost benefit. Eversole (1958)14, 

Deryagin et al. (1968)15 and Angus et al. (1968)16 conducted investigations into the 

possibility of building diamond from an initial template in the gas phase, as the use of the 

gas phase could take place under more mild conditions at a lot lower pressure than previous 

systems and thus be much more economically viable. This is achieved through Chemical 

Vapour Deposition (CVD) techniques, a process through which an epitaxial layer of diamond 

is built-up on a non-diamond surface in order to create a thin film diamond surface17. This 

system is very useful because the non-diamond surface can be used as a template and thus 

the shape of the synthetic diamond created can be prespecified. 

Whereas in HTHP systems, diamond is the thermodynamically stable phase of the carbon, 

in a CVD system, diamond is a metastable phase18; meaning that a number of conditions 

must be observed in order to ensure only diamond is deposited on the surface, not graphite, 
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and that diamond growth exceeds graphitisation of the diamond surface. A technique that 

greatly helps this is the presence of an excess of hydrogen in the system19. This is because 

addition of hydrogen can prevent formation of a number of aromatic species that are 

responsible for the deposition of graphitisation forming in the gas phase20. 

There are a number of processes through which CVD diamond can be synthesised but these 

mainly differ on apparatus specifics, the underlying theory is common ground between the 

methods. CVD is caused by gas phase chemistry close to the target surface, and thus a 

process gas containing precursor molecules must be present in the system which can be 

something as simple as a hydrocarbon such as methane in an excess of hydrogen21. The 

gas phase containing these precursor molecules is then activated through decomposition in 

order to create atomic hydrogen from the H2 excess22, which then ensures preferential 

growth of diamond as opposed to other carbon forms. Figure 1 shows the process through 

which the diamond surface is built up, through the exploitation of the highly reactive nature of 

the radical species which were created through the activation of the precursor molecules. 

The radical species can attack the diamond surface, creating radical species on the surface, 

which can then be stabilised by further radical attack resulting in a diamond surface build-up. 

The build-up of diamond surfaces is an amorphous process23, leading to non-uniform 

microcrystal sizes with surface roughness greatly varying across the multicrystalline surface 

and thus techniques must be implemented in order to create a flat and uniform surface.   
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Figure 1: A schematic showing the growth of diamond occurring at the surface by addition of CH3 and H. 

Adapted from P.W. May, "Diamond Thin Films: A 21st Century Material" Phil. Trans. R. Soc. Lond. A, 358, 473 –

 495, (2000) 

 

There are three main systems for the synthesis of CVD diamond: “hot filament chemical 

vapour deposition (HFCVD); high frequency microwave plasma-assisted chemical vapour 

deposition (MW-PACVD); and DC plasma discharge”24. These differ in the technique used to 

activate the gas phase in the system and differences between the various systems are 

shown in Figure 2. HFCVD uses a hot metal filament a small distance from the substrate 

surface to thermally decompose the gas phase, leading to the creation of atomic hydrogen 

and hydrocarbon radical species, which can then lead to the build-up of a diamond surface. 

MW-PACVD systems utilise a high frequency microwave in order to enhance the reactivity 

gas phase by forming hydrocarbon radical species and atomic hydrogen which leads to the 
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build-up of a diamond surface25. DC plasma discharge CVD systems utilise a hot filament 

with dc discharge plasma to lower the level of heating applied to the gas phase26 which then 

leads to the formation of hydrocarbon radical species and atomic hydrogen, which generates 

diamond surface build-up.  

 

Figure 2: Schematic showing the systems used in HFCVD (A), MW-PACVD (B), and DC plasma discharge (C). 

From Angus, J. C., Hayman, C. C., Science, 241, 4868, 913-921 (1988) 

 

 

1.1.3. Superflat surfaces 

The growth of CVD diamond surfaces will lead to the production of a diamond surface with 

high levels of surface roughness, which can place limitations on the applications of the 

diamond surface in industry. Ideally, the process would create a superflat, uniform surface 

with diamonds of identical size and orientation, and although this is impossible in practice, 

there are a number of polishing modes which can be applied in order to optimise the 

characteristics of the diamond surface. 

Superflat diamond surfaces substrates are needed for potential high performance industrial 

and commercial uses in a wide range of fields. For example, power devices using boron 

doped diamond surface substrates show potential high performance using superflat 

surfaces27 and light emitting diodes can produce extremely high performance when superflat 

diamond substrates are used28. 

 

1.1.4. Diamond polishing modes 

In order to obtain a superflat diamond surface, a polishing system must be laid in place to 

change the morphology of the non-uniform diamond surface. A popular polishing mode is 
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chemical-mechanical polishing (CMP) which uses chemical and mechanical processes to 

erode diamond surfaces in order to decrease the surface roughness and create a more 

uniform substrate surface. There are a number of different approaches to CMP for a 

diamond surface. For example, use of an abrasive slurry to wear through the diamond 

surface with friction4 that can break micro-chips of diamond off the surface, leading to lower 

surface roughness. Chemical assistance can also be used, with the presence of oxidising 

agents increasing the removal rate of micro-chips from the surface29. 

However, contact polishing methods of diamond surfaces are somewhat impractical due to 

high resistance of diamond to erosion, and thus a high input of energy is needed to 

overcome the extreme properties of diamond. Non-contact polishing methods of reducing 

the surface roughness of diamond can be used as an alternative to contact polishing 

methods, and these processes can be much more energy efficient, and do not need any 

chemical assistance, and thus can be more cost-effective, whilst also producing more 

uniform and superflat surfaces, such as the dressed photon-phonon etching process, as will 

be addressed in this project. 

 

1.1.5. Roughness Analysis 

The roughness of a diamond surface can be analysed in a number of different ways. The 

most common method for calculating surface roughness is the average roughness (Ra), 

which is simply the arithmetic average of the displacement from the plane of best fit of the 

absolute values of the surface height, as shown in Equation 1. This is used historically, due 

to many older instruments being unable to perform other surface roughness calculations. 

However, due to this being an oversimplified method, there are a number of shortcomings, 

such as there being no differentiation between whether an imperfection in the surface is a 

valley or peak, so inaccuracies may be gained in results because over a measured area, 

these may compensate for each other and give a lower roughness value than what is 

correct. 

Root Mean Square Roughness (RRMS) uses a square method of calculating the surface 

roughness of an area, which minimises the aforementioned inaccuracies. This means that 

troughs and peaks can be distinguished due to the distance from the plane of best fit being 

squared and thus negative and positive values can be combined instead of compensating for 

each other. Thus RRMS values should be larger than Ra values.  
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There are a number of other processes that can characterise surface roughness, such as 

skewness, and measurements involving first and second derivatives of the surface profile 

which can be utilised to investigate the curvature of the surface30, but Ra and RRMS are the 

processes used for the purposes of this project seeing as these can be rapidly calculated 

from the raw data and will give enough information to characterise the diamond surfaces. 
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1.2. Dressed Photon-Phonon Etching 

Dressed photon-phonon etching is the main process behind non-contact polishing of 

diamond surfaces, utilising dressed photon-phonon interactions to ensure that bond-

breaking only occurs at the desired parts of the surface. In the case of non-contact polishing, 

the desired areas of the surface for bond-breaking to occur are at local peaks, in order to 

create a flatter surface. Dressed photon-phonon etching relies on a number of processes in 

order to break bonds at the desired points of the diamond surface which in turn can lead to 

realisation of a superflat surface. Yatsui et al. have developed a process for non-contact 

polishing using dressed photon-phonon interactions on a single crystalline diamond surface1 

and investigation into whether similar processes are feasible for multicrystalline diamond 

surfaces is undertaken in this project. A great advantage of dressed photon-phonon etching 

for use as a non-contact polishing mode is that all that is needed is the presence of oxygen, 

which can be obtained from the environment, and photons of the correct energy, which can 

be provided by relatively cheap, low energy apparatus and no mechanical work is needed, 

unlike many contact polishing modes. 

 

1.2.1. Radical Theory 

Dressed photon-phonon etching leads to the creation of highly reactive radical species in 

order to generate flat diamond surfaces. This is due to radical theory which shows how 
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radical species can be utilised to break chemical bonds. The highly reactive character of 

radical species was demonstrated in Figure 1 which showed that atomic hydrogen and CH3 

radical species were used to attack the surface of a diamond in order for CVD build-up of the 

diamond surface to occur and this highly reactive nature can be exploited for non-contact 

polishing.  In the case of Yatsui et al. oxygen radical species were formed at the diamond 

and were able to breakdown the diamond surface through an etching process. Oxygen 

radical species are able to etch the diamond surface due to the extremely highly oxidative 

characteristic of atomic oxygen32 and thus oxidise the diamond surface, forming carbon 

monoxide by ripping carbon atoms from the diamond lattice, and thus causing breakdown 

and etching of the diamond surface. 

The formation of atomic oxygen at the diamond surface would cause isotropic etching of the 

substrate surface which would not decrease the surface roughness and would simply 

decrease the thickness of the substrate. However, the energy of the photons used by Yatsui 

et al. and in this project is not high enough to dissociate atmospheric O2 through a standard 

photochemical reaction, due to the use of photons with energies of 3.81 eV1 and 4.88 eV 

respectively, and the dissociation energy of O2 is 5.5 eV33. Due to dressed photon-phonon 

interactions, formation of oxygen radicals through a standard photochemical reaction does 

not occur, and radical species formation occurs preferentially at the peaks of the diamond 

surface, resulting in defined etching which decreases the surface roughness of the diamond 

substrate. 

 

1.2.2. Dressed Photons and Dressed Photon-Phonon 

interactions 

Dressed photons are quasi-particles that can be formed through the coupling of a virtual 

photon to an electron in the optical near-field34. A virtual photon is a short-lived species that 

can be re-absorbed by the electron but can also couple with the electron in a very distinct 

way, which means that the virtual photon-electron coupling, or dressed photon, now carries 

the energy of excitation of the electron, thus the dressed photon carries more energy than a 

free photon. A theoretical description of the dressed photon state can be “described by 

assuming a multipolar quantum electrodynamic Hamiltonian in a Coulomb gauge and single-

particle states in a finite nano-system”35. 
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In the case of Yatsui et al. a photon with wavelength 325 nm (3.81 eV) is coupled to an 

electron to form a dressed photon, and in this project, a photon with wavelength 254 nm 

(4.88 eV) can become coupled to an electron to form a dressed photon. 

As stated, dressed photons have higher energies than free photons of the same wavelength 

due to the electron coupling, and the energy of the dressed photon can be increased 

through the coupling of a dressed photon to a phonon to form a dressed photon-phonon 

quasi-particle36. This dressed photon-phonon coupling interaction can occur when the 

energy of the dressed photon causes a “multi-mode coherent phonon state”34 with the 

vibrational modes of a particle surface37, which can occur on an imperfect diamond surface 

due to the peaks on the diamond surface acting as optical near-field nanometric probe tips38. 

In this way, dressed photon-phonon coupling interactions can occur and form a quasi-

particle of higher energy than the free photon due to the coupling interactions. In the case of 

Yatsui et al., where the free photon is of too low energy to photochemically dissociate the 

etching gas, the higher energy dressed photon-phonon quasi-particles can preferentially 

dissociate the etching gas at the diamond surface peaks, due to the quasi-particle energy 

exceeding the dissociation energy of the etching gas. Thus the dressed photon-phonon 

quasi-particles forming oxygen radical species which selectively etch the diamond surface 

peaks leading to the realisation of a superflat diamond surface through dressed photon-

phonon etching as a non-contact polishing process1. 
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CHAPTER 2. EXPERIMENTAL 

PROCEDURE  

 

2.1. Chemical Vapour Deposition 

The diamond surface substrates used in the project were grown using an HFCVD system 

under slightly different conditions in order to determine whether the deposition time would 

have an effect on the dressed photon-phonon etching of the diamond surface.  

Diamond substrate 1 was grown at 20 Torr, using a rhenium filament at a current of 25 A at 

1073 K, on p-type silicon substrate with a deposition time of 4 hours. The flow rates were 0.1 

standard cubic centimetres per minute (SCCM) B2H6, 2 SCCM CH4, and 200 SCCM H2. The 

thickness of the substrate was 2 µm. 

Diamond substrate 2 was grown at 20 Torr, using a rhenium filament at a current of 25 A at 

1073 K, on a p-type silicon substrate with a deposition time of 3.5 hours. The flow rates were 

0.1 SCCM B2H6, 2 SCCM CH4, and 200 SCCM H2. The thickness of the substrates was 

1.5 µm. 

 

2.2. UVO Cleaner 

The exposure to 254nm UV light was carried out using a Jelight UVO Cleaner 42A-220. This 

model also emits light at 185nm which instantaneously produces atomic oxygen from 

atmospheric oxygen. In order to reduce the level of 185nm light and atomic oxygen exposure 

to the diamond surface, the diamond substrate was encased in a glass box with a diamond 

window. The diamond window was opaque to UV light below a certain wavelength and thus 

could block out the 185nm light. The glass box minimised the level of atomic oxygen that 

came in contact with the diamond surface in order to stop undefined destruction of the 

diamond surface. However, the glass box was not airtight due to the need of O2 molecules in 

order for dressed photon-phonon etching to occur, and in a closed system there is only a 
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finite supply, but the level of atomic oxygen present at the diamond surface was deemed 

negligible. 

Each substrate was subjected to a number of hours of treatment, with examination after set 

intervals. The UVO cleaner was not used for more than two hours at one time to prevent 

overheating. 

The UVO cleaner has an output peak-peak voltage of 6000 V and output current of 30 mA. 

The 254 nm light was emitted at an intensity of 28-32 mW/cm2. 

Substrate 2 was separated into 5 segments in order to examine 5 different levels of 

treatment simultaneously. Each segment was labelled and treated for two hours longer than 

the previous segment as shown in Figure 3. The segment separation and segment number 

labelling were performed using a laser cutter, ensuring the grooves were shallow enough so 

as not to minimise the possibility of a snap occurring, a FEGSEM image showing the 

resulting substrate before any treatment occurred is shown in Figure 4. An aluminium sheet 

was used as a shield to block the 254nm light from the diamond surface in order to ensure 

dressed photon-phonon etching was only occurring in specific segments. 

 

Figure 3: Schematic showing segments of Substrate 2, number labelling, and number of hours of treatment 

received 
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Figure 4: FEGSEM image showing the number labelling and segment separation of segments 3, 4 and 5 of the 

untreated surface of substrate 2 

 

 

2.3. Microscopy 

A number of microscopy techniques were used to observe the effect of the dressed photon-

phonon etching on the diamond surface and evaluate the topography of the surfaces 

throughout the process. The main techniques used were Scanning Electron Microscopy 

(SEM) and Atomic Force Microscopy (AFM). These techniques were utilised both before and 

after treatment in the UVO Cleaner in order to ascertain the change in characteristic and the 

topography of the diamond surface. 

 

2.3.1. Scanning Electron Microscopy 

A Field Emission Gun Scanning Electron Microscope (FEGSEM) was used to conduct the 

scanning electron microscopy. The images were taken at a working distance of 15 mm at a 
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current of 12 µA and a voltage of 10 kV. The images taken were over a large range of 

magnifications, from x20 through to x75 000.  

 

2.3.2. Atomic Force Microscopy 

A Nanoscope Atomic Force Microscope (AFM) was used to conduct the atomic force 

microscopy. A tapping mode was used, so that the surface profile of the substrate may be 

closely examined after each treatment. Use of the tapping mode ensured that a highly 

accurate image was obtained due to production of a three-dimensional representation of the 

diamond surface. 

The images recorded have an image size of 512 x 512 pixels, with a scan rate of 0.125 lines 

s-1. The area of the images recorded was 100 µm2, thus the resolution of the images 

produced was 0.0381 µm pixel-1.  

The AFM data could be used to evaluate the surface roughness of the substrates due to the 

realisation of a topographical surface profile which gives accurate data of the height of each 

pixel. Thus each AFM image has a large amount of surface data which can be used to 

calculate Ra and RRMS for the diamond surfaces. 
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CHAPTER 3. RESULTS  

 

3.1. Pre-treatment images 

The images obtained through the microscopy of the diamond surfaces before any UVO 

treatment was performed are shown.  

 

Figure 5: FEGSEM image of the surface of substrate 1 taken before any treatment was performed. An overview 

of the substrate surface at x5 000 magnification  
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Figure 6: FEGSEM images showing the untreated surface of substrate 1 at x15 000 magnification 

  

 

Figure 7: FEGSEM image showing the untreated surface of substrate 1 at x50 000 magnification 
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Figure 8: Images of the surface of substrate 1 taken before any treatment using the atomic force microscope. A) 

Shows a 100 µm
2
 area of the sample B) Shows the same image as a three dimensional representation 

 

 

Figure 9: FEGSEM image showing an overview of the untreated surface of substrate 2 at x4 000 magnification  
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Figure 10: FEGSEM image showing an overview of the untreated surface of substrate 2 at x9 000 magnification 

 

 

Figure 11: A number of FEGSEM images of substrate 2 surface characteristic at x16 000 magnification 
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Figure 12: A number of FEGSEM images of substrate 2 at x40 000 magnification showing details of the surface 

characteristic 

 

 

Figure 13: AFM images of the surface of substrate 2 taken before any treatment. A) Shows a 100 µm
2
 area of 

the sample B) Shows the same image as a three dimensional representation 

 

 

3.2. Post-treatment images 

The substrates were imaged after set time intervals, for substrate 1 this occurred after 1, 3, 4 

and 6 hours, and for substrate 2 this occurred when the treatments were all finished with 

segments 1 – 5 having undergone treatment for 2 – 10 hours respectively. Examples of 

FEGSEM and AFM images of the two substrates are shown in Figures 14 – 30. These can 
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show the visual effect of the UVO treatment on the surfaces and the AFM images can give 

topographical data which can be used to analyse the surface roughness. 

 

 

Figure 14: FEGSEM image showing overview of substrate 1 after 1 hour UVO treatment at x7 500 magnification 
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Figure 15: FEGSEM images of substrate 1 after 1 hour UVO treatment. Images taken at various magnifications 

increasing from x11 000 – x20 000 
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Figure 16: FEGSEM images of substrate 1 after 1 hour UVO treatment. Images taken at various magnifications 

increasing from x37 000 – x45 000 

 

 

Figure 17: High detail FEGSEM images of substrate 1 after 1 hour UVO treatment. Images taken at x50 000 and 

x75 000 magnification 
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Figure 18: FEGSEM images showing overview of substrate 1 after 2 hours UVO treatment. Images taken at 

x8 000 and x8 500 magnification 

 

  

Figure 19: FEGSEM images showing substrate 1 after 2 hours UVO treatment. Images taken at x25 000 and 

x33 000 magnification 

 

 

Figure 20: High detail FEGSEM images of substrate 1 after 2 hours UVO treatment. Image taken at x55 000 

magnification 
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Figure 21: AFM images of the surface of substrate 1 taken after 2 hours UVO treatment. A) Shows a 100 µm
2
 

area of the sample B) Shows the same image as a three dimensional representation 

 

Figure 22: AFM images of the surface of substrate 1 taken after 3 hours UVO treatment. A) Shows a 100 µm
2
 

area of the sample B) Shows the same image as a three dimensional representation 
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Figure 23: AFM images of the surface of substrate 1 taken after 4 hours UVO treatment. A) Shows a 100 µm
2
 

area of the sample B) Shows the same image as a three dimensional representation 

 

 

   

Figure 24: FEGSEM images of segment 1 of substrate 2 after UVO treatment. 2 hours of treatment were carried 

out on the surface. Images were taken at x5 000 and x15 000 magnification 
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Figure 25: AFM image showing a three dimensional representation of the surface of segment 1 of substrate 2 

after UVO treatment. 2 hours of treatment were carried out on the surface. The area shown is 50 µm
2
 

 

Figure 26: FEGSEM images of segment 2 of substrate 2 after UVO treatment. 4 hours of treatment were carried 

out on the surface. Images were taken at x8 000, x15 000, x22 000 and x40 000 magnification 
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Figure 27: FEGSEM images of segment 3 of substrate 2 after UVO treatment. 6 hours of treatment were carried 

out on the surface. Images were taken at x6 000, x20 000 and x40 000 magnification 

 

  

 

Figure 28: FEGSEM images of segment 4 of substrate 2 after UVO treatment. 8 hours of treatment were carried 

out on the surface. Images were taken at x6 000, x18 000 and x40 000 magnification 
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Figure 29: FEGSEM images of segment 5 of substrate 2 after UVO treatment. 10 hours of treatment were 

carried out on the surface. Images were taken at x7 500, x19 000 and x40 000 magnification 

 

 

Figure 30: AFM images of the surface of segment 5 of substrate 2 taken after 10 hours UVO treatment. A) 

Shows a 100 µm
2
 area of the sample B) Shows the same image as a three dimensional representation 
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3.3. Surface Roughness Analysis 

An analysis of the effect that the UVO treatment had on the surface roughness of the 

substrates was carried out through the calculation of Ra and RRMS values from the raw data 

of the surface topography obtained from the AFM, using equations 1 and 2.  

Tables 1 – 4 give a summary of the surface roughness data gained from the AFM, and 

Figures 31 and 32 show a visual representation of the effect of different lengths of UVO 

treatment on the Ra and RRMS character of the substrate surfaces. 

 

Measurement Ra / nm RRMS / nm 

1 78.1 102.2 

2 81.8 107.1 

3 76.8 96.0 

Average 78.9 101.8 

Table 1: Surface roughness data of substrate 1 before UVO treatment  

 

Hours Treatment Ra / nm RRMS / nm 

2 107.9 136.9 

3 76.7 96.0 

4 80.2 99.2 

Table 2:  Surface roughness data of substrate 1 after UVO treatment 
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Measurement Ra / nm RRMS / nm 

1 102.2 129.7 

2 102.5 129.5 

Average 102.4 129.8 

Table 3: Surface roughness data of substrate 2 before UVO treatment 

 

Segment Hours Treatment Ra / nm RRMS / nm 

1 2 130.2 159.0 

2 4 N/A N/A 

3 6 55.2 72.6 

4 8 87.5 108.2 

5 10 58.9 73.9 

Table 4: Surface roughness data of the segments of substrate 2 after UVO treatment, data from segment 2 were 

unreadable 

 

 

Figure 31: A graph showing a direct comparison between the average roughness of diamond surfaces and the 

length of UVO treatment received 
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Figure 32: A graph showing a direct comparison between the root mean squared roughness of diamond surfaces 

and the length of UVO treatment received 
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CHAPTER 4. DISCUSSION  

 

4.1. Overview 

The data gained from the imaging of the diamond surfaces before and after treatment can be 

used to gain insight into the use of UVO treatment as a viable process for non-contact 

polishing of diamond surfaces utilising dressed photon-phonon etching. There are a number 

of ways of looking at the data gained from the FEGSEM and AFM images; firstly, the images 

themselves can be examined in order to qualitatively analyse the visual effect that the UVO 

treatment appears to have had on the appearance and topography of the diamond surfaces. 

The numerical data concerning the roughness of the surfaces can then be utilised for 

quantitative analysis usage, so that direct comparisons can be made between the roughness 

values of the different surfaces after differing UVO treatment length times and thus the effect 

that UVO treatment had on the diamond surfaces can be ascertained. 

 

4.2. Qualitative Analysis 

The images gained from the FEGSEM and AFM show a number of interesting visual aspects 

of the diamond surfaces and the effect that the UVO treatment has had. Both the FEGSEM 

and AFM images of the pre-treatment surfaces clearly show that the samples being used are 

polycrystalline surfaces made up of diamond crystals of differing sizes, with the larger 

crystals roughly 1 micron and some smaller crystals being only a tenth of that size. This is 

shown in Figure 33 which re-iterates this point visually, showing the scale of the diamond 

surface. This microcrystal array clearly shows that the surface is very non-uniform, and the 

AFM pre-treatment images showing a representation of the topography of the surfaces affirm 

that they are far from being superflat surfaces. 
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Figure 33: FEGSEM image of pre-treatment diamond surface showing the scale of the microcrystals. Image 

taken at x20 000 magnification 

 

Although the microcrystals of the two substrate surfaces appeared to be on the same scale, 

the two substrates appeared to have a number of subtle visual differences. For example, 

substrate 2 appeared to have a number of imperfections on the surface of the microcrystals, 

whereas in substrate 1, the microcrystals appeared to have very few to no blemishes as 

shown in Figure 34. This could be due to a number of different reasons, such as the CVD 

diamond growth depositing a very small level of diamond on top of the existing microcrystals, 

giving the appearance of surface imperfections. However, this is an unlikely scenario and 

what is the most likely case is that these blemishes are simply small dust particles that have 

become deposited on the surface. This could be due to an unclean storage area with dust 

particles present even though an attempt was made at all times to keep the storage 

environment clean, or also unclean apparatus used to insert the substrate into the FEGSEM 

and transport the substrate in and out of the storage area. 
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Figure 34: A side by side comparison of the surfaces of substrates 1 and 2. A) The surface of substrate 1 taken 

at x50 000 magnification showing the minimal number of imperfection on the microcrystal surface. B) The surface 

of substrate 2 showing a number of blemishes on the microcrystals. Shown at x16 000 and x40 000 magnification 

to demonstrate that the blemishes are not a localised problem 

 

 After a level of UVO treatment was applied to the substrates, a number of visual differences 

became apparent on the diamond surfaces. On substrate 1, the diamond surface appeared 

to gain a large number of imperfections after only 1 hour treatment as shown in Figure 36. 

From the FEGSEM images it is very difficult to discern whether these imperfections are 

protruding from the surface or depressions in the surface. If the imperfections are 

depressions into the surface, this is a good indication that the treatment is having an effect 

on the topography of the surface by etching into the surface and thus would be proof that 

dressed photon-phonon etching is occurring. However, it is not possible to tell from the 

FEGSEM images taken that this phenomenon is occurring. The imperfections gained after 

UVO treatment have a very different appearance to the imperfections on substrate 2 before 

A 

B 
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any UVO treatment takes place, appearing to be much larger and more crystalline. This is 

why it is not thought that the imperfections on substrate 1 are also dust particles. 

 

 

Figure 36: FEGSEM images showing the effect of UVO treatment on surface imperfections on substrate 1. A) 

Pre-treatment image at x50 000 magnification. B) After 1 hour UVO treatment at x75 000 magnification. C) After 

2 hours UVO treatment at x33 000 magnification 

 

The FEGSEM images of substrate 2 also show that the UVO treatment has had an effect on 

the visual appearance of the diamond surface. It appears that the peaks on the surface have 

become more rounded after treatment as shown in the comparison between pre-treatment 

and post-treatment FEGSEM images in Figure 37. But this is clearly an unquantifiable 

property from the FEGSEM images and determining surface topography through visual 

images is an inexact science by definition so this is not hard evidence of dressed photon-

B 

A 

C 



 41 

phonon etching occurring. However, the imperfections that were thought to be dust particles 

seem to be gone after UVO treatment has been performed on the substrate. This is not a 

surprising result seeing as the main use of the UVO Cleaner is to clean hydrocarbon 

residuals and other impurities off surfaces. Thus it can be expected that a certain level of 

cleaning could have occurred even with the presence of the diamond window. 

 

 

Figure 37: FEGSEM images showing visual effects of UVO treatment on substrate 2. A) Pre-treatment image at 

x16 000 magnification. B) Image of surface after 6 hours UVO treatment at x18 000 magnification 

 

The AFM images gave a three-dimensional representation of the diamond surfaces which 

are very useful in showing the visual changes to the topography of the diamond surfaces. 

Figure 38 shows that the peaks seem to be more rounded after 4 hours of UVO treatment. 

However the effect that the treatment has had on the surface does not seem to be very great 

and the visual difference between the pre-treatment and post-treatment images is quite 

minimal. This gives the indication that the UVO treatment has not had a great effect on the 

diamond surface. 

A B 
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Figure 38: AFM images showing comparison of the surface of substrate 1 before and after UVO treatment. A) 

Pre-treatment AFM image of 100 µm
2
 area of substrate 1. B) AFM image of 100 µm

2
 area of substrate 1 after 4 

hours UVO treatment 

 

AFM images of substrate 2 seem to show that the UVO treatment has had an effect on the 

topography of the surface. After 10 hours of treatment the peaks of the surface appear to be 

a lot smoother and more rounded than the images pre-treatment as shown in Figure 39. This 

indicates that the signs that substrate 1 was showing of rounded peaks would become more 

greatly exaggerated after more hours of UVO treatment, and the levels of treatment given 

were not high enough for any large discernible effect to be observed. The 10 hours 

treatment given to substrate 2 gives a much more visual effect and this gives good evidence 

that the UVO treatment is having an effect on the topography of the diamond surface, but 
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without analysing the quantitative data, the extent to which the surface roughness is 

changing cannot be determined. 

 

 

Figure 39: AFM images demonstrating the effect UVO treatment has had on the topography of the surface of 

substrate 2. A) Pre-treatment AFM image of 100 µm
2
 area of substrate 2. B) AFM image of 100 µm

2
 area of 

substrate 2 after 10 hours UVO treatment 

 

 

A 
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4.3. Quantitative Analysis 

The data from the AFM images show the surface roughness of the substrates. This can then 

be analysed to compare the effect of different lengths of UVO treatment on the diamond 

surfaces. Figures 31 and 32 show the effect of different lengths of treatment on the surface 

roughness of the diamond substrates. Figures 40 and 41 show a readjustment of the data, 

showing a direct comparison of the Ra and RRMS for each substrate. The relationship 

between Ra and RRMS is clearly shown in the two figures, the Ra is very similar to RRMS and 

follows the same trend but the values are slightly higher. This is because Ra is unable to 

account for the differences between peaks and troughs in an area of the surface, as has 

previously been mentioned. 

 

 

Figure 40: Graph showing the effect of UVO treatment on the average roughness and root mean square 

roughness of the surface of substrate 1 
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Figure 41: Graph showing effect of UVO treatment on average roughness and root mean square roughness of 

the surface of substrate 2 

 

The effect of the UVO treatment on the surfaces can be analysed using the data shown in 

Figures 40 and 41. The analysis of the surface roughness of substrate 1 seems to show that 

there is no numerical evidence that the UVO treatment has decreased the roughness of the 

surface. Figure 40 shows that the average roughness and root mean squared roughness of 

the surface of substrate 1 seems to have increased after UVO treatment which is very 

counter-intuitive. However, there is a quintessential issue with the surface roughness 

measurements which is that they only measure the roughness of a 100 µm2 area. This is a 

very small proportion of the 1 cm2 substrate, 6 orders of magnitude smaller, and thus even if 

the surface roughness has been reduced by the treatment, it is extremely unlikely that the 

same area of the surface will be measured, and due to the non-uniform character of the 

surface, the surface topography can vary drastically in different areas of the surface, and 

thus the UVO treatment can appear to have increased the surface roughness when this is 

not the case. A simple solution to this problem would be to have large numbers of 

measurements at each point and take an average of the measurements. However this 

solution was impractical for this project because each AFM image takes over an hour to 

capture and the time constraints on the project made this an unfeasible solution, but if the 

time constraint was taken away; this would be a possible solution to finding evidence that 

substrate 1 was affected or unaffected by the UVO treatment instead of the inconclusive 

trend that is shown in Figure 40. 
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The UVO treatment had a much clearer effect on substrate 2 than the effect observed on 

substrate 1. There is a clear trend in Figure 41 showing that both the average roughness 

and the root mean square average roughness decrease as the length of the UVO treatment 

increases which is a good indication that UVO treatment decreases the surface roughness of 

diamond surfaces. However, as discussed above, these results may not be completely 

reliable due to the lack of ability to perform a large number of measurements and thus the 

data are based on only one measurement for each segment and not an average of many 

measurements. Although this may be an issue showing the unreliability of the substrate 2 

measurements, the substrate 2 data are more reliable than the substrate 1 data, due to the 

fact that the measurements were taken almost simultaneously due to the substrate being 

split into segments with each segment receiving a different level of UVO treatment, thus 

substrate 2 is in 5 states of treatment length simultaneously. This means that the condition of 

the segments was very similar, whereas with substrate 1 the measurements were taken at 

various times throughout the project and the condition of the substrate may have changed 

over that time due to external stimuli. 

The results obtained through this project do not compare well to the results attained by 

Yatsui et al. who gained clear evidence of dressed photon-phonon etching on a single 

crystalline diamond surface after only 30 minutes, with Ra reducing from 0.660 nm to 0.242 

nm1. However, the roughness of the single crystalline surface before any treatment took 

place is miniscule compared to the surface roughness of the multicrystalline diamond 

surfaces used in this project. Yatsui et al. started with Ra of 0.660 nm whereas the diamond 

surfaces used in this project started with Ra of 80 – 100 nm, 2 orders of magnitude larger. 

Thus, for an effect on the surface roughness to be seen after only 10 hours of UVO 

treatment is promising, although investigations into whether this trend continues after large 

increases in the length of UVO treatment must be conducted in further work. 

All in all, the data collected from the AFM images seem to show inconclusive data for 

substrate 1 but also seem to quantify that substrate 2 has gone through a level of non-

contact polishing by dressed photon-phonon etching, over a period of 10 hours. Although the 

etching is not on the same scale as the non-contact polishing attained by Yatsui et al. and 

the data may not be completely reliable due to the low number of measurements obtained, 

the result appears to be positive. 
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CHAPTER 5. CONCLUSION  

 

5.1. Overview 

The quantitative data collected seemed to show that the surface roughness of substrate 2 

decreased to some degree after UVO treatment due to dressed photon-phonon etching. 

Substrate 1 may have showed similar trends if more hours of treatment were undertaken 

and this is a recommended course of action for future experimentation.  

The qualitative and qualitative data seem to corroborate in suggesting that the surface 

roughness of substrate 2 was decreased throughout the project due to the surface peaks 

appearing more rounded after UVO treatment than the original surface peaks and the Ra and 

RRMS values showing a downward trend as UVO treatment length increases. 

However, the data gathered show that the results obtained for the multicrystalline surfaces 

are not comparable to the results attained by Yatsui et al. with a single crystal diamond 

surface, and thus suggests that realisation of superflat surfaces through dressed photon-

phonon is much more challenging on multicrystalline surfaces than on a single crystal 

diamond surfaces. 

In conclusion, although signs of the surface roughness decreasing are present, the evidence 

gathered by this project is not extensive enough to prove that dressed photon-phonon 

etching successfully occurred, so it cannot be concluded that non-contact polishing of 

multicrystalline diamond surfaces was successfully observed. The evidence suggests that 

this is the case but further experimentation is needed to obtain proof to confirm these 

findings. 

For future work, a recommended course of action would be to greatly increase the number of 

hours of UVO treatment undertaken in order to discover whether the trends seen in the data 

continue. Also, the number of AFM measurements taken at each stage should be hugely 

increased in order to calculate an average of the surface roughness so that more reliable 

data can be gathered.  Another approach is to synthesise a number of diamond substrate 

with varying levels of doping in order to investigate whether this assists or hinders dressed 

photon-phonon etching. 
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Once evidence has been found to confirm or refute the conclusions gained from this project, 

further steps into the research can be taken. If proof of dressed photon-phonon is found, the 

next step would be to investigate whether the dressed photon-phonon etching affects the 

termination of the diamond surface by metals, and what the effect of the etching is on the 

contact potential difference of the diamond surface, with the aim of producing a highly 

uniform contact potential difference across a superflat surface for potential use in high 

performance applications. 
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