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1. Statement of factors which limited project progress 

The project was delayed by several factors. The project's original plan was to carry out chemical 

vapour deposition (CVD) using The ‘Minion’, a CVD reactor in the Diamond Lab. However, the 

reactor was not ready for experiments immediately. Weeks were spent cleaning the reactor parts 

and waiting for the components to be delivered or cleaned by the Mechanical Workshop. On top of 

that, staff getting illnesses resulted in delayed start of the cleaning process. The Balzers reactor 

experiment was disrupted by the fire evacuation in the School of Physics. 

A few instrument failures (other than the Minion reactor) could have potentially affected the 

project’s progress, including the failure of the microwave reactor (for further growing diamonds 

after the DC-CVD reaction) and the water cooling system of the laser machine (for cutting the 

iridium-sapphire crystals into chips). 

The issues mentioned above delayed the first experiment by nearly two months until late February, 

eventually limiting the number of experiments that could be carried out and reducing the variety of 

possible spectroscopy to be carried out (with the expected waiting time for the data to be returned 

being later than the thesis submission date). 

 

2. Abstract 

Diamonds have long been one of the most important materials due to their superior properties. 

These properties open a wide variety of potential applications, from mechanical tools to 

nanotechnologies, but at the same time, they increase the demand for synthetic diamonds. One of 

the synthetic methods is known as chemical vapour deposition (CVD), which involves the deposition 

of carbon from an activated carbon-containing gas to a substrate. Studies show that iridium-coated 

sapphire has the ideal lattice structure for heteroepitaxially growing single-crystal diamonds. 

In this study, a pulsed-DC CVD system was used to study the effects of different parameters on the 

growth of diamonds, including the choice of substrate, methane concentration and the electrodes’ 

power. The product samples were studied using Raman spectroscopy. In the spectra, peaks 

appeared at 1333.22 cm-1
 and 1333.61 cm-1, which were similar to the literature value for the Raman 

shift of diamonds (1332 cm-1). The results suggested that diamonds were successfully nucleated and 

grown on an Ir/sapphire substrate. A lower temperature and methane concentration could have 

promoted the formation of crystalline diamond structure over the graphitic structure. However, 

more spectroscopic measurements are required to understand the structural details of the product 

crystals, including the crystal orientations and the surface topography. Further research is also 

needed to thoroughly investigate the effects of different reaction conditions on the purity and the 

rate of diamond crystal growth. 

On the other hand, an iridescent layer of film was formed onto the molybdenum disc that supported 

the Ir/sapphire in the reactor. The layer was composed of majorly graphitic structures. This confirms 

the literature on Ir/sapphire being an ideal substrate for CVD diamonds. Further studies are required 

to investigate the possibility of synthesising multiple carbon compositions simultaneously. 
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4. Introduction 

Since its discovery thousands of years ago, diamonds have been one of the most valuable materials. 

Its shiny appearance attracted people to use it in jewellery. In recent decades, people have gained 

an understanding of this special material and found a number of unique properties which can be 

used in many different industries. 1 With an increasing demand for various applications, humans 

have been searching for an optimal method for synthesising diamonds. 

4.1. Diamond as a Useful Material 

Diamond exhibits a range of superior properties that other materials can hardly compete with. 

For example, it is the hardest and stiffest material. At room temperature, it has the highest 

thermal conductivity (2 × 103 Wm-1 K-1), which makes it a very good candidate for heat bank or 

heat dissipation. 2, 3 It is an excellent electrical insulator (ca. 1016 Ω cm). 2 When the crystal is 

doped with elements like boron or phosphorus, it creates extra electrons or holes within the 

crystal structure, making it a p-type or n-type semi- or even super-conductor. 4, 5 It also has an 

ultra-wide band gap (5.48 eV at 300 K), which allows the electronic components to remain stable 

under harsh electronic environments. 5-7 Moreover, it is chemically inert and biocompatible. 8 

By combining these properties, diamonds have a wide range of applications. For example, 

diamonds are applied to electric and electronic components. Chemically inert diamonds are an 

excellent candidate for protecting batteries from corrosion. 9 On the other hand, diamonds are 

applied in integrated circuits. At such microscopic levels of size, efficient heat dissipation 

becomes important. Manufacturers, hence, make use of the high thermal conductivity of 

diamonds and create silicon-diamond multilayer substrates to overcome the problem. 3 Being 

the hardest and stiffest, diamonds are also highly used in mechanical tools. 10 Scratch-free 

windows become possible as well. 11 Besides, diamonds are also widely used in biotechnologies 

and nanotechnologies like biosensors because they are chemically inert and 

biocompatible. 8, 12, 13 

 

4.2. Structure of Diamond  

Diamond is one of the carbon allotropes, with carbon atoms tetrahedrally bonded together in a 

face-centred cubic close-packed crystal structure (Fig. 1). 14 With a dense network of carbon-

carbon single bonds, diamond is a thermodynamically stable carbon allotrope along with 

graphite, especially when under high-pressure conditions. 2 



 

Figure 1: (a) Structure of diamond. (b) Lattice of diamond. The circle represents the carbon atoms, with black being on 
the vertices of the lattice, blue at the centre of the faces, and red inside the lattice. Figure modified from the original 
in [15]. 

For crystalline structures like diamonds, the surface of the crystal can be in different 

orientations. The most discussed diamond planes are the <100> and <111> surface planes, as 

they are commonly formed in lab-synthesised diamonds (Fig. 2). 17 The orientations of the two 

planes are diagonal to each other. With different orientations, the atomic arrangements and the 

activities of the two surfaces become different from each other. For the <100> surface plane, 

the atoms are arranged like a square array. For the <111> plane, this becomes triangular-like 

(Fig. 3). 18 The difference in atomic arrangements affects surface activities, hence their 

properties and potential applications (Fig. 4). 17 



 

Figure 2: (a) <100> plane and (b) <111> plane. Figure modified from the original in [16]. 

 

 

Figure 3: Atomic array of (a) <100> diamonds, and (b) <111> diamonds. Figures captured from [18]. 



 

Figure 4: Schematic diagram of hydrogen-chemisorbed diamond surfaces in (a) <111> orientation, and <100> orientation. 
For <111> face, an H-atom is adsorbed onto the surface pointing upwards. For <100>, two H-atoms are sticking out from 
the surface. This creates a different surface environment and, hence, the surface activities between the <111> and <100> 
faces. Figure captured from [19]. 

In the case of semiconductors, the interaction between the crystal surface and the dopant atoms 

becomes crucial. Compared to the <100> orientation, <111> diamond films have a higher dopant 

incorporation efficiency. 18, 20 While the dopant atoms incorporate into the diamond structure, 

only a portion of them are located in sites for electrical activity. Kato et al. reported that the 

electrical activity of doped phosphorus in <100> diamonds was around 10%, while it was around 

70% for <111> diamonds. 21 

 

4.3. Synthetic Diamond 

With such a wide range of applications, studies have been conducted to find an optimal method 

for synthesising diamonds. An ideal synthetic method should be able to synthesise diamonds 

large in size so that they can be applied in different fields where a large crystal is required. 

Besides, the diamond formed should also be in single-crystalline form. Polycrystalline diamonds 

usually contain graphite-like structures at the grain boundaries, which would dampen the 



superior properties of diamonds. 3 In nature, diamonds are found deep in the Earth’s crust. The 

carbon forms very slowly hundreds of kilometres below the surface, where the temperature and 

pressure are very high, causing the carbon to crystallise into diamonds. 22-23 

4.3.1. High-Pressure High-Temperature Method 

Diamonds have been commercially synthesised via the high-pressure high-temperature 

method (HPHT) for years. The method relies on applying extreme temperature and pressure 

(approximately 5-5.5 GPa and 1350-1450 °C) to a carbon source like graphite, with the 

presence of molten metals (e.g., Fe, Co and Ni). The carbon source dissolves in the heated 

metal flux, which supersaturates the solvent and recrystallises onto the existing seed 

crystals. 24 Under these conditions, the denser diamond structure becomes more 

thermodynamically favourable than the graphite structure, similar to natural diamonds. 2, 8 

HPHT has been the primary method for synthesising single-crystal diamonds as the crystal it 

formed has high quality. The dislocation densities for the diamond made by HPHT were 

reported as 102-104 cm-2, which is much lower than that for other methods. 18, 25 However, 

the size of the crystal grown by HPHT is limited to a few millimetres due to the practical 

limitation of the anvil in the high-pressure system. Scientists had tried to put the seed 

crystals side by side, known as the ‘mosaic method’, but the crystals formed contained a 

high density of defects at the position where the boundaries of the seed crystals were 

located. 18, 26, 27 Besides, Tallaire et al. reported that the <111> crystal made from HPHT 

contained lots of nitrogen and metal impurities. Such crystal purity would be unfavourable 

for most electronic applications. 20 

4.3.2. Chemical Vapour Deposition 

An alternative method for synthesising diamond is known as chemical vapour deposition 

(CVD). The process involves a gas-phase chemical reaction followed by carbon deposition 

onto the surface of a solid substrate (Fig. 5). 28 

 



 

Figure 5: A schematic diagram of the general process of chemical vapour deposition. The reactant gas is assumed 
to be CH4/H2. Upon activation, the reactant gases become radicals, which then diffuse and deposit onto the 
substrate. Diamond crystals are grown after surface chemical reactions. Diagram recreated and modified from the 
original in [28]. 

4.3.2.1. General Chemical Mechanism 

In CVD, a gaseous carbon-containing precursor (e.g., CH4) is pumped into the reactor 

chamber with excess hydrogen gas (typically 1-2% by volume). The gas mixture is 

activated and forms H and CH3 radicals. The two radicals gradually diffuse and adsorbed 

onto the substrate surface. The H radicals are responsible for etching the hydrogen 

atoms on the surface of the crystal lattice, which creates a reactive site on the crystal 

structure. The CH3 radical then attacks the site, creating a dangling methyl group. The 

process repeats until one dangling methyl group is adjacent to a dangling methyl radical. 

The radical then attacks the methyl group and closes the structure. The diamond lattice 

is then enlarged (Fig. 6). 2 



 

Figure 6: Simplified chemical mechanism of diamond growth in CVD. All the steps are reversible. Figure 
recreated and modified from [2]. 

4.3.2.2. Gas Activation 

The gas mixture can be activated by various means. For example, it can be excited by 

simply heating it with hot filaments (HF-CVD). A common alternative is plasma activation 

using D.C. current or microwaves. 2 All these methods share a similar chemical 

mechanism mentioned previously. 

When searching for an optimal method for synthetic diamond production, the growth 

rate becomes an important factor in deciding which method to use. Compared to hot 

filament or microwave plasma activation, D.C. glow discharge plasma gives a much 

higher diamond growth rate. 29, 30 Having the current pulsed also prevents the cathode 

from overheating, which would potentially un-stabilise the plasma by creating unwanted 

arc discharge. 31 



4.3.2.3. Choice of substrate 

The CVD method enables the possibility of heteroepitaxial growth of diamonds, in which 

the diamond is grown on a different material. 32 In a homoepitaxial diamond growth 

process, the diamond grows on existing diamond seeds, follows the sp3 structure and 

extends it. 33 Substrates with similar lattice structures should be used to achieve a similar 

effect but in a heteroepitaxial way. 18, 26 This can be achieved by abrading the surface of 

the substrate into similar lattice structures. However, the method would damage the 

lattice and create a rough surface, which might result in random growth directions. 33 

The substrate should, therefore, inherently have a similar lattice structure as diamonds. 

Among all the materials, iridium has the most similar atomic array pattern to diamonds, 

which makes it a good substrate candidate (Fig. 7). 26, 33 

 

Figure 7: Atomic arrays of (a) <100> iridium, and (b) <111> iridium. Figure captured from [18]. 

Iridium is not readily available in large sizes, but it can be coated onto another large 

substrate, such as sapphire, MgO or YSZ (yttria-stabilised zirconia)/Si. Among all the 

materials, sapphire stands out due to its low cost and a small thermal coefficient of 

thermal expansion. In addition, large sapphires are readily available. Hence, Ir/sapphire 

is a common substrate used in CVD diamonds. 18, 26, 33 

 

4.4. Spectroscopic Methods 

4.4.1. Raman Spectroscopy 

Raman spectroscopy is a useful technique for understanding the chemical and structural 

compositions of the sample at micron and sub-micron sizes. 34 The technique relies on 

measuring the energy of the scattered laser photon, which gives an energy shift compared 

to the incident photon after colliding with the sample’s electron density. Materials with 

different chemical and structural compositions interact with the photon in different ways. 

When the scattered laser is detected, it gives a spectral band that depends on the molecular 

compositions. This forms the basis of the spectroscopic technique (Fig. 8). 35 

 



 

 

Figure 8: A simplified schematic diagram of a confocal Raman microscope. The laser is focused onto the sample via 
the microscope objectives. The laser photons interact with the electron densities in the sample and are inelastically 
scattered back through the dichroic mirror. The scattered laser photons eventually get detected by the detector. A 
spectrum can be produced by placing a diffraction grating before the detector. This forms the basis of the confocal 
Raman spectroscopy. Figure recreated and modified from [36]. 

The Raman spectrum of a pure diamond shows a sharp peak at around 1332 cm-1, while the 

graphitic region is around 1580 cm-1. 37 The characteristics of these two peaks allow the 

identification of the composition of the film deposited onto the substrate. 

4.4.2. Scanning Tunneling Microscopy/Atomic Force Spectroscopy 

Scanning tunnelling microscopy (STM) is a technique that allows the characterisation of the 

surface. When the tip is very close to the surface, the electron density of the tip and the 

surface starts to overlap. Upon applying a voltage, the electrons tunnel from one side to 

another, creating a tunnelling current, which is very sensitive to the surface topography. 38 

The technique can be operated in two different modes while scanning across the surface. 

Constant height mode measures the topography based on the change of the distance-

dependent tunnelling current. Constant current mode is measured by moving the probe’s 

sharp tip up and down on the surface, keeping the tunnelling current constant. 39 

Atomic force spectroscopy (AFM) is a similar technique, but instead of relying on quantum 

tunnelling of the electrons, the probe tip moves upon experiencing forces on the sample 

surface. The deflection of the probe is detected using a laser and a photodetector. Hence, 

the technique can also give very detailed topographic information. 40 

 



4.4.3. X-Ray Diffraction 

X-ray diffraction (XRD) can be used to understand the lattice structure of a crystalline 

material. The X-ray is diffracted into specific diffraction patterns based on the structure's 

crystallinity and atomic arrangement. XRD provides no information on the chemical 

composition of the crystal lattice, but it can be used to identify useful information, including 

the crystallinity, lattice structure and crystal orientation. 41, 42 

4.4.4. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) relies on the inelastic collision of the electrons with the 

sample’s atoms. The electrons are guided by electromagnetic lenses and raster the substrate 

surface, and the secondary electrons produced are detected to form an SEM image. 43 

SEM is a useful tool for revealing the orientation of the crystal due to the difference in the 

atomic arrays between the two lattice faces. The SEM image of <100> diamonds shows 

cubic-like crystals, while that of <111> diamonds shows triangular facetted surfaces 

(Fig. 9). 44 

 

Figure 9: SEM images of (a) <100> diamond crystals, and (b) <111> diamond crystals. The <100> crystals were in 
cubic-like shapes, while the surfaces of the <111> crystals appeared to be triangular. Images taken by the University 
of Bristol CVD Diamond Group. 44 

 



 

4.4.5. Optical Emission Spectroscopy 

Optical emission spectroscopy (OES) is a technique for analysing plasma composition by 

detecting the light emitted from the plasma. 45 Such techniques allow the analysis to be 

carried out in real-time with the chemical reaction without disturbing the reaction itself. 

Liang et al. reported an increase in the C2 emission intensity at a higher CVD diamond 

growth rate. 46 At a pressure of around 200 Torr, three of the C2 peaks (471.55, 516.52 and 

563.25 nm) were reported to have a magnitude 7 times more than the others. The 

wavelengths also corresponded to a greenish visible colour, which can also be seen during 

the reaction. 47 These provide a good indicator of the reaction condition inside the chamber, 

which could be adjusted by changing the gas concentration. 48 

 

4.5. Project Details 

In this project, we conducted two pulsed-DC CVD reactions, one using molybdenum as the 

substrate and one using iridium-coated sapphire (Ir/sapphire). The first molybdenum reaction 

served as a ‘trial run’. By analysing the product from the molybdenum reaction, the reaction 

condition can be adjusted for the second CVD reaction, which used Ir/sapphire, an ideal 

substrate combination, as mentioned before. 

We also investigated the possibility of growing diamonds at low CH4 concentrations using 

pulsed-DC CVD. Typically, HF-CVD is able to grow diamonds at a very low CH4 concentration (less 

than 1% CH4 in H2). 49, 50 On the other hand, DC-CVD typically grows diamonds at a slightly higher 

concentration (ca. 1-4% CH4 in H2). However, the quality of the diamond films was reported to 

be better at lower CH4 content, with predominantly <111> lattice orientations at around 1% of 

CH4. 51, 52 In our project, we tried to lower the CH4 concentration inside the chamber to 1.5% 

during the reaction with Ir/sapphire substrate. 

Here, we reported the results obtained from the Raman spectroscopy of the products in both 

reactions and the OES result from the Ir/sapphire reaction. Due to significant project delays, we 

were not able to carry out any other spectroscopic measurements in time. It would be ideal to 

analyse the product in more detail using methods like AFM, SEM, and XRD. 

 

5. Experimental 

5.1. CVD Diamond on Molybdenum 

Before the reaction, the two copper electrodes of the CVD reactor (Balzers Coating System, see 

Fig. 10, 11 and 12) were aligned in the centre to each other so that the surfaces of the two rods 

were parallel. The inter-electrode spacing was set to 20 mm. A molybdenum substrate (25 mm 

in diameter) was placed onto the anode (Fig. 13). A mask was put onto the Mo substrate (with a 

1 cm × 1 cm square hole at the centre and two 6.8 mm × 3.3 mm rectangular holes on two 

sides). The reactor was then sealed and vacuumed. 



 

Figure 10: A photo of the Balzers CVD Coating System. 

 

Figure 11: A photo of the internals of the Balzers CVD Coating System, with the major components labelled: (a) gas input, 
(b) substrate, (c) cathode, (d) anode. 



 

 

Figure 12: A simplified schematic diagram of the Balzers CVD Coating System. Note that the optical emission 
spectrometer and the computer were not set up for the molybdenum reaction. 

 

Figure 13: A close-up photo of the set-up for the molybdenum reaction. A molybdenum substrate was placed on top of 
the anode. A mask was placed on top of the substrate, allowing the reaction to occur only at the square hole and the 
two small rectangular holes on both sides. 



A steady flux of CH4 (12.5 SCCM, 2.5%) in H2 was pumped into the chamber. The power was 

increased gradually from 500 W to 1200 W while the pressure was reaching 150.0 Torr. The 

chamber was then switched to ‘static mode’, in which the input flux of gas was stopped, and the 

chamber was sealed. The content inside the chamber was allowed to react for 1 hour. During the 

reaction, the temperature of the cathode, plasma and substrate was measured using an infra-

red thermometer (Minolta/Land Cyclops 52 Thermometer, as shown in Fig. 14). After the 

reaction, the power of the electrodes was switched off to let the content cool down. The 

product substrate was obtained after venting the chamber. 

 

Figure 14: A photo of the Minolta infra-red thermometer, which was used to measure the temperature of the cathode, 
plasma and substrate. 

 

 

 

 



5.2. CVD Diamond on Iridium/sapphire 

A Balzers CVD coating machine was used to grow diamonds on Ir/sapphire. Before the reaction, 

the two electrodes were placed centred to each other so that the two electrode surfaces were in 

parallel. The inter-electrode gaps were set to 22 mm. A molybdenum disc (25 mm in diameter 

and 5 mm in thickness) was placed onto the anode, with an Ir/sapphire chip (6.8 mm × 3.3 mm 

in dimension, 100 nm in thickness of the Ir layer) on top (see Fig. 15).  

 

Figure 15: A close-up photo of the set-up for the Ir/sapphire reaction, with the major components labelled: (a) cathode, 
(b) Ir/sapphire chip, (c) molybdenum substrate, (d) anode. The photo was taken after the reaction. Hence, the surface of 
the substrate was grey-black in colour due to the deposition of carbon. 

To set up a starting condition, the reaction chamber was sealed and vacuumed (ca. 0.01 Torr). 

The power of the electrodes was set to 500 W. A steady flow of H2 gas (600 SCCM) was then 

pumped into the chamber for 10 min. When the internal pressure reached 42.4 Torr, the 

chamber was vacuumed again (ca. 0.01 Torr) and ready for reaction. 



A steady stream of CH4 (7.5 SCCM, 1.5%) in H2 (500 SCCM) was pumped into the reactor. As the 

internal pressure increased, the power of the electrodes was gradually increased from 500 W to 

1000 W when the pressure reached 150.3 Torr. 

The reactor was then switched to ‘static mode’, allowing the content to react for 1 hour. During 

the reaction, the temperature of the cathode, the plasma and the substrate was measured using 

the Minolta infra-red thermometer. The power of the electrodes was then switched off to allow 

the content to cool down. The product substrate was obtained from the chamber after venting 

the content inside. 

5.3. Optical Emission Spectroscopy 

During the CVD reaction with Ir/sapphire, an optical emission spectrometer (Broadcom 

Spectrometer Qmini) was set up next to the reactor’s lower window (see Fig. 12). The 

spectrometer was connected to a computer, which was used to display and analyse the spectra 

in the spectroscopy software Waves (by Broadcom). The spectrometer was adjusted to point 

directly to the plasma inside the chamber and measure the light produced by the plasma 

(Fig. 16). 

 

Figure 16: A photo of the OES set-up during the CVD reaction with Ir/sapphire substrate. The spectrometer was held by 
the clamp and stand, pointing towards the plasma inside the reactor. The spectrometer was connected to the laptop, 
which had the analysing software displaying the OES spectrum in real time. 



5.4. Raman Spectroscopy 

Several Raman spectroscopies were done on the products from both CVD reactions. The 

spectrum was obtained from the Raman system (Renishaw Raman System with LEICA DM LM 

confocal microscope, with a diffraction grating of 1200 lines mm-1 for the laser), as shown in 

Fig. 17. A diamond piece was used to calibrate the Raman system beforehand, producing a sharp 

diamond 1332 cm-1 peak. 37 The wavelength of the laser was set to 514 nm, which was a green 

laser. The spectra were analysed using the software WiRE 2.0, with the spectral resolution being 

0.5 cm-1. 

 

Figure 17: A photo of the Renishaw Raman spectrometer, with LEICA confocal microscope installed. 

 

6. Result & Discussion 

6.1. Diamond Grown on Molybdenum and Ir/sapphire 

Before inspecting the product samples with Raman spectroscopy, a diamond piece was used to 

calibrate the Raman system (Fig. 18). The spectrum shows a single, sharp peak at 1331.78 cm-1, 

which is approximately close to the literature value (1332 cm-1). 37 



 

Figure 18: Raman spectrum of the calibrating diamond piece. Raman shift of the peak: 1331.78 cm-1. 

In the CVD reaction with Mo substrate, the carbon was deposited onto the substrate according 

to the shape of the mask, resulting in a square and two rectangular marks on the surface 

(Fig. 19). The centre square was significantly dark in colour, which looked like a relatively high 

portion of graphitic compositions. For each ‘mark’, Raman spectroscopy was done at both the 

centre and the periphery area. Table 1 recorded the Raman shift of the significant peak around 

the diamond region. The full Raman spectra of all the regions can be found in Appendix 1. 

 

Figure 19: A photo of the Mo substrate after the CVD reaction. A grey square mark can be seen at the centre of the disc, 
with two rectangular marks on the side. The periphery and the centre of the square were labelled as Region A and B, 
respectively. The centre of the two rectangular marks was Region C and E, while the periphery was Region D and F. (*It 
was unclear which rectangular mark corresponded to Region C or E, and the same for the periphery regions D and F.) 
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Table 1: Raman shifts of the film on the Mo substrate at various positions of the disc, following the labels in Fig. 19. 

 Raman shift / (cm-1) 

Region A 1335.37 
Region B 1332.44 
Region C 1338.71 
Region D 1332.44 
Region E 1334.52 
Region F 1334.78 

 

The result from Raman spectroscopy suggested that diamonds had successfully grown in all 

regions to a certain extent. Some values were slightly higher than the literature value of 

1332 cm-1. This might be due to the stress of the crystalline structure, which could be caused by 

the formation of lower-density graphitic carbon. 53 From the Raman spectrum of Region B, the 

Raman peaks were much stronger in the graphitic region than near the diamond region 

(Fig. 20b). This might suggest that a relatively high portion of graphitic crystal structures formed 

in the square box, which explains the darker appearance of the film. For the rectangular film, 

although the crystal densities were lower than the square film (as shown in Fig. 20a and 

Fig. 20c), they gave more distinct diamond peaks in the spectrum (Fig. 20d). This suggested that 

the crystal quality was better in the rectangular box than in the square box in this CVD reaction. 
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Figure 20: (a) Screenshot of the live video of Raman spectroscopy at Region B. (b) Raman spectrum at Region B (Raman 
shift of the peak: 1332.44 cm-1). (c) Screenshot of the live video of Raman spectroscopy at Region D. (d) Raman spectrum 
at Region D (Raman shift of the peak: 1332.44 cm-1). From the Raman spectrum, the square film in the middle of the 
substrate contained a significant portion of graphitic structures compared to the rectangular film on the side. 

Based on the result, in our second CVD reaction, we used Ir/sapphire substrates of the same size 

as the rectangular hole of the mask in the first CVD reaction. Similar to before, Raman 

spectroscopy was done at the centre and periphery of the Ir/sapphire chips (Fig. 21). 

 

3000

8000

13000

18000

23000

28000

620 820 1020 1220 1420 1620 1820

C
o

u
n

ts

Raman shift / (cm-1)

d)



 

 

20000

25000

30000

35000

40000

45000

50000

55000

60000

65000

620 820 1020 1220 1420 1620 1820

C
o

u
n

ts

Raman shift / (cm-1)

b)



 

 

Figure 21: (a) Screenshot of the live video of Raman spectroscopy at the centre of the Ir/sapphire substrate. (b) Raman 
spectrum of the film at the centre of the Ir/sapphire substrate (Raman shift of the peak: 1333.61 cm-1). (c) Screenshot of 
the live video of Raman spectroscopy at the periphery region of the Ir/sapphire substrate. (d) Raman spectrum of the 
film at the periphery region of the Ir/sapphire substrate (Raman shift of the peak: 1333.22 cm-1). 

In both Raman spectra, a sharper, narrower peak appears (compared to the Raman spectra of 

the film on the Mo substrate). The peak also shifts less away from the literature diamond peak. 

This might suggest that the crystal experienced less compressive stress from any formation of 

graphitic structure. 53  

The diamond crystals were grown in larger clusters at the periphery than the centre, as shown in 

Figures 21a and 21c. The crystal particles have an average size of 6.16 ± 0.087 μm (Fig. 22) and 

were grown throughout the Ir/sapphire chip. This is a promising result for future CVD diamond 
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growth, considering the reaction was done heteroepitaxially without seeding (i.e., no pre-

existing diamond seeds were placed on the substrate for growth). 

 

Figure 22: A screenshot of the spectroscopy software, with the scale of the photo in the bottom-right corner. 

One of the differences between the two CVD runs was the temperature. In the first CVD run, the 

power of the electrode was set to 1200 W. However, it was believed that the substrate became 

too hot and potentially graphitised the film on the substrate. 53 In the second CVD run, the 

power of the electrodes was set to a lower value of 1000 W instead of 1200 W, and a lower 

temperature was measured in the second CVD (see Table 2).  

Table 2: The temperature of the cathode (Tcathode), plasma (Tplasma), and substrates (Tsubstrate) during the first CVD (Mo 
substrate) and the second CVD (Ir/sapphire substrate). The temperature was measured using a Minolta thermometer. 

 Tcathode / (°C) Tplasma / (°C) Tsubstrate / (°C) 

1st CVD  1090 800 1110 
2nd CVD 1010 680 850 

 

 

These suggested that the CVD reaction had grown diamonds of relatively better quality than the 

film on the Mo substrate. However, more detailed structural microscopy would be required to 

confirm the results. For example, XRD might be useful in identifying the orientation of the crystal 

grown, and SEM or AFM might be useful in studying surface topography. 



 

 

Figure 23: Optical emission spectrum captured during the CVD reaction with Ir/sapphire substrate. The three C2 peaks 
appeared but were weaker than Hemawan et al. reported. The figure here displays the spectrum within the visible light 
wavelength range (380 nm to 770 nm). 54 The full spectrum can be found in Appendix 3. 

In the optical emission spectrum, the three C2 peaks appeared, but not as intense as 

Hemawan et al. reported (Fig. 23). 47 It is worth mentioning that there was no visible greenish 

plasma during the Ir/sapphire CVD run, but a yellowish plasma line was seen during the 

molybdenum run (Fig. 24).  

 

Figure 24: Lines of plasma appeared in (a) the first CVD reaction with Mo substrate), and (b) the second CVD reaction 
with Ir/sapphire substrate. In the first CVD reaction, some yellowish-green plasma lines could be clearly seen, but the 
colour disappeared a while later. In the second CVD reaction, no yellowish or greenish plasma was observed. Also, the 
plasma lines were located on one side of the substrate, covering approximately 40% of the surface of the Mo disc. 
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However, to study the correlation between certain reaction conditions and the diamond growth 

rate, more than a single OES result is required, and further continuous, time-dependent 

experiments would be required. It is also possible to nucleate the diamond on Ir/sapphire using 

DC-CVD and compare the growth rate in various CVD methods. 

 

6.2. Graphite Film on Molybdenum Disc 

After the second CVD reaction, the surface of the molybdenum disc (that was used to support 

the Ir/sapphire chip) became iridescent (Fig. 25). Iridescence is a phenomenon resulting from 

film interference. When light strikes a thin layer, the incident light is reflected by the upper and 

lower boundaries of the film. The two reflected waves interfere with each other, creating a 

coloured appearance that changes with respect to the observer or illumination direction. 55, 56 

 

 

Figure 25: A photo of the Mo disc after the CVD reaction with Ir/sapphire substrate. Region P corresponds to the side of 
the disc with a strong iridescent effect. Region Q corresponds to the opposite side of the disc, where the effect of 
iridescence is weaker. This is also where the plasma line was located during the CVD reaction (see Fig. 24). Region R 
corresponds to the rectangular area where the Ir/sapphire chip was placed. 

Several Raman spectroscopies were done to understand the composition of the surface layer. 

From the spectra in Fig. 26, the surface layer was mainly composed of graphitic structures. There 

was no significant diamond peak. This suggested that the carbon was selectively deposited onto 

the Ir/sapphire instead of the molybdenum surface.  



 

 

Figure 26: Raman spectra of the surface layer of the Mo substrate after the CVD reaction with Ir/sapphire at (a) Region 
P and (b) Region Q. 

The Raman spectrum of Region R looks similar to a spectrum of just molybdenum (Fig. 27). This 

suggests that there was no deposition onto the rectangular area, which was covered by the 

Ir/sapphire chip. However, scratches can be seen across the whole Mo disc after the reaction, 

including Region R (see Fig. 25). 
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Figure 27: Raman spectra of (a) a molybdenum disc with no deposited layer on top and (b) Region R. The two spectra 
resemble a similar shape, suggesting that there was no deposited layer in Region R. 

 

The iridescent appearance suggests that one or more thin layers of graphitic structures have 

formed on the Mo substrate alongside the diamond growing on the Ir/sapphire substrate. The 

experimental results provided a possibility of creating iridescent carbon layers, which might be 

helpful in optical applications or coloured coatings. It also offered a possibility of multi-synthesis 

of carbon layers, with the structure selectively on one substrate over the other. However, 
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further experiments are required to confirm the layers' structure and composition. Besides, 

more studies are needed to investigate whether the results are consistent and reproducible. 

 

7. Conclusion 

Using the DC-CVD reactor, we successfully grew diamond crystals on a heteroepitaxial layer without 

seedings. The process was carried out in a low methane concentration, which was reported to favour 

the formation of <111> diamond crystals. The Raman spectroscopy data agreed with the literature 

result of Ir/sapphire being the more ideal substrate candidate than molybdenum. Also, proceeding 

with the reaction at a lower temperature allowed the film to grow diamond crystals instead of 

graphitic compositions. The iridescent appearance of the molybdenum disc suggests the possible 

formation of thin layers of graphitic structures while diamonds were growing on the Ir/sapphire 

substrate simultaneously. 

Given that the diamond crystal was grown without seeding, DC-CVD provides a good method for 

diamond nucleation. It is uncertain whether a longer reaction time would give rise to a large, thin layer 

of single-crystal diamond. However, the nucleated diamond can be further grown into polycrystalline 

diamond layers using other CVD methods (e.g. microwave CVD). 

Due to practical limitations, further experiments and spectroscopic measurements were not able to 

be carried out in time. More detailed microscopies would be required to confirm the structure of the 

diamond crystals or the film layers on the substrates. For example, XRD might be useful in identifying 

the orientation of the crystal grown, and SEM or AFM might be useful in studying surface topography. 

Further research and experiments are also required to search for the optimal growing conditions for 

DC-CVD diamonds. For instance, the effect of growth time, electrodes’ power or the temperature of 

the reaction environment on the growth rate and morphology of the diamond crystal. 
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9. Appendix 

9.1. Raman Spectroscopy of the Mo Substrate from the 1st CVD Reaction 

For the first CVD reaction (with Mo substrate), six Raman spectroscopy measurements were 

conducted to investigate the composition of the surface layer on the molybdenum substrate 

(Fig. A1.2 to Fig. A1.7). Each Raman spectroscopy data corresponds to one of the regions in 

Fig. A1.1. 

 

Figure A1.1: A photo of the Mo substrate after the CVD reaction. The same figure was displayed in Section 6.1 as 
Figure 19. (*It was unclear which rectangular mark corresponded to Region C or E, and the same for the periphery 
regions D and F.) 



 

 

Figure A1.2: (a) Screenshot of the live video of Region A under Raman microscope. (b) Raman spectrum of Region A 
(Raman shift: 1334.33 cm-1). 
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Figure A1.3: (a) Screenshot of the live video of Region B under Raman microscope. (b) Raman spectrum of Region B 
(Raman shift: 1332.44 cm-1). 
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Figure A1.4: (a) Screenshot of the live video of Region C under Raman microscope. (b) Raman spectrum of Region C 
(Raman shift: 1338.71 cm-1). 
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Figure A1.5: (a) Screenshot of the live video of Region C under Raman microscope. (b) Raman spectrum of Region C 
(Raman shift: 1332.44 cm-1). 
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Figure A1.6: (a) Screenshot of the live video of Region C under Raman microscope. (b) Raman spectrum of Region C 
(Raman shift: 1334.52 cm-1). 
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Figure A1.7: (a) Screenshot of the live video of Region C under Raman microscope. (b) Raman spectrum of Region C 
(Raman shift: 1334.78 cm-1). 
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9.2. Raman Spectroscopy of the Ir/sapphire Substrate on Mo disc from the 2nd CVD Reaction 

For the second CVD reaction (with Ir/sapphire), two Raman spectroscopy measurements were 

made on the Ir/sapphire chips (Fig. A2.2 and Fig. A2.3). Three Raman spectroscopy 

measurements were conducted on the molybdenum substrate (Fig. A2.4 to Fig. A2.6), which was 

holding the Ir/sapphire chips on the anode of the reactor. Each Raman spectroscopy data 

corresponds to one of the regions in Fig. A2.1. 

 

Figure A2.1: Labelled photos of the iridium/sapphire chip (top) and the molybdenum supporting disc (bottom). Region 
N and O correspond to the centre and the periphery of the Ir/sapphire substrate. Region P corresponds to the area on 
the Mo disc where the surface had a strong iridescent effect. Region Q corresponds to the area on the opposite side of 
Region Q. Region R corresponds to the centre of the disc, where the Ir/sapphire substrate was placed during the 
reaction. 



 

Figure A2.2: (a) Screenshot of the live video of Region N under Raman microscope. (b) Raman spectrum of Region N 
(Raman shift: 1333.61 cm-1). 
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Figure A2.3: (a) Screenshot of the live video of Region O under Raman microscope. (b) Raman spectrum of Region O 
(Raman shift: 1333.22 cm-1). 
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Figure A2.4: (a) Screenshot of the live video of Region P under Raman microscope. (b) Raman spectrum of Region P. 
There is no significant peak with the Raman shift at the diamond region. 
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Figure A2.5: (a) Screenshot of the live video of Region Q under Raman microscope. (b) Raman spectrum of Region Q. 
There is no significant peak with the Raman shift at the diamond region. 
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Figure A2.6: (a) Screenshot of the live video of Region R under Raman microscope. (b) Raman spectrum of Region R. The 
spectrum has a similar shape to the Raman spectrum of a molybdenum substrate with no surface deposition (refer to 
Fig. 27 in Section 6.2). 
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9.3. Optical Emission Spectroscopy of the 2nd CVD Reaction 

Real-time optical emission spectroscopy was conducted during the second CVD reaction with 

Ir/sapphire substrate. Fig. A3.1 shows a snapshot of the OES spectrum during the reaction, and 

Fig. A3.2 shows the same spectrum but zoomed in, showing only the visible light region. 

 

Figure A3.1: Optical emission spectrum of the plasma during the second CVD reaction with Ir/sapphire substrate. The 
orange region corresponds to the visible region (380 nm to 770 nm). 

 

 

Figure A3.3: A zoomed-in optical emission spectrum of Fig. A3.2, showing only the visible light region (from 380 nm to 
770 nm). 54 The three labelled peaks correspond to C2 emission peaks (471.55, 516.52 and 563.25 nm). 47 
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9.4. Lab Clearance Form 

 


