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Abstract 

Diamond photonic devices are critical components for applications including 

diamond based optics, diamond Raman lasers and the building blocks of quantum 

information processing. In this thesis work, to achieve such novel diamond photonic 

devices, micro-fabrication techniques for diamond have been further developed.  

For making diamond optical structures such as diamond micro-lenses, the 

fabrication involves the definition of photoresist (PR) masks on the surface of diamond 

by using photolithography and the pattern transfer by using inductively coupled 

plasma (ICP) etching. A detailed study of the PR thermal reflow process has been 

carried out to control the shape of PR masks and the resulting diamond structures with 

spherical or aspheric features after pattern transfer. By combining PR mask shape 

control with the optimisation of ICP diamond etching, novel micro-lenses on single 

crystal diamond have been realised. In particular, diamond micro-lenses with radii of 

curvature larger than 13 mm have been fabricated. Based on these diamond micro-

lenses, novel monolithic diamond Raman lasers were achieved.  

Furthermore, by using Ar/Cl2 plasma etching, a large area ultra-thin single crystal 

diamond membrane with a thickness less than 250 nm has been produced. By coupling 

the diamond membrane within an open optical Fabry-Perot cavity, the enhanced 

emission from the nitrogen vacancy (NV) colour centre in diamond was investigated. 

This approach is attractive for the scalable development of quantum computing based 

on diamond NV centres.  
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Chapter 1  Introduction 

This chapter first gives a general background of this thesis work on diamond 

photonic devices. Then, Section 1.2 introduces some basic concepts about diamonds 

that will be used in this thesis work. These basic concepts include the diamond crystal 

structure, types and synthesis. Section 1.3 gives a general introduction to the properties 

of diamond and Section 1.4 gives a review of diamond processing methods. Section 

1.5 gives a brief overview of recent research on diamond photonic devices. Section 1.6 

introduces the outline of this thesis.  

1.1 General background 

Photonic devices, which are components for creating, manipulating or detecting 

light [1], require the identification and adoption of suitable materials with outstanding 

characteristics. Of such materials, diamond, especially single crystal diamond, is a 

particularly good example, as highlighted by its attractive properties such as a wide 

transparency spectral window, a high Raman gain coefficient, a high thermal 

conductivity and colour centres with excellent quantum properties such as the nitrogen 

vacancy [2]. 

By applying the extraordinary properties of diamond, novel diamond photonic 

devices have been developed in recent years including diamond based optics, diamond 

Raman lasers, diamond-based single photon sources and the building blocks of 

quantum information processing (QIP) [2, 3]. In these devices, the light propagation 

behaviour and light-matter interaction are modified by diamond micro/nano-structures 

such as micro-lenses, micro-cavities and cavity-coupled membranes.  

In this thesis, we describe the design and development of novel diamond 

micro/nano-structures to achieve photonic components with special functions. Over 

the course of these studies, diamond micro/nano-fabrication techniques have been 

developed for controllable fabrication of novel diamond microstructures and devices 

such as micro-toroids and micro-cavities. In particular, diamond micro-lenses with a 

state-of-the-art large radius of curvature (ROC) of more than 13 mm and ultra-thin 

diamond membranes with a thickness less than 250 nm have been realised.  
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The diamond micro/nano-structures developed in this work here enabled high-

performance novel diamond photonic devices including micro-lensed monolithic 

diamond Raman lasers and cavity enhanced diamond defect emissions. The 

functionalities of these diamond photonic devices are described and fully characterised. 

These research results are leading to the advance of high-efficiency compact light 

sources and to scalable QIP, as will be discussed. 

With the applications of diamond photonic devices in mind, a basic understanding 

of diamond, such as its structure and type, properties and the methods for diamond 

synthesis and processing, is crucial for designing and achieving the novel diamond 

photonic devices. These factors are therefore described below. 

1.2 Basic characteristics of diamond  

In this section, the diamond crystal structure, the different types of diamond and 

the synthesis of diamond are introduced.  

1.2.1 Diamond crystal structure 

Diamond consists of two interpenetrating face-centred cubic (fcc) lattices of 

carbon atoms, displaced by one-quarter along the cube diagonal. The diamond unit cell 

contains eight atoms. Within the diamond crystal, each carbon atom is symmetrically 

bonded to four neighbouring carbon atoms. These carbon atoms are situated at the 

corners of a surrounding tetrahedron and are connected via covalent sp3 bonds. In sp3 

hybridisation, one ‘s’ and three ‘p’ orbitals of almost equal energy intermix to give 

four identical and degenerate hybrid orbitals, oriented in tetrahedral symmetry with 

109o28’ angle between them. A unit cell of the diamond crystal structure is shown in 

Figure 1-1. In this Figure, small spheres represent the carbon atoms at the corners, the 

face centre and four sides of the tetrahedroid inside. The stick lines joining them 

represent the covalent bonds [4] with a cubic length, a0, of 0.357 nm at room 

temperature [5]. The bonds between the carbon atoms (bond energy of 1087 kJ/mol) 

are, for example, much stronger than those in silicon (bond energy of 787 kJ/mol) and 

germanium (bond energy of 762 kJ/mol). It is this strong bonding that makes diamond 

mechanically hard and chemically stable [6].  
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Figure 1-1: Schematic of a diamond unit cell. The small spheres represent the carbon atoms 

and the stick line represents the covalent bonds, with a0 of 0.357 nm being the cubic length 

[6]. 

1.2.2 Diamond types 

According to the level and kind of the chemical impurities, diamonds are 

scientifically classified into four types: Type Ia, Type Ib, Type IIa, and Type IIb [7]. 

The level of the impurities is measured at the atomic level within the crystal lattice of 

carbon atoms [8]. 

Type I diamonds, which includes Type Ia and Ib diamonds, contain nitrogen 

impurities with concentrations from 20 up to 3000 ppm (parts-per-million) as their 

main impurities. Type I diamonds absorb light in both the UV and infrared regions. 

They also have a characteristic fluorescence and visible absorption spectrum [9]. 

Natural diamonds are often mixes of Type Ia and Ib, which can be determined by their 

infrared absorption spectrum [10]. 

Type Ia diamonds contribute to about 98% of all natural diamonds. The nitrogen 

impurities, up to 0.3% (3000 ppm), are clustered within the carbon lattice and are 

relatively widespread. The absorption spectrum of the nitrogen clusters in diamond 

results in the absorption of the blue light, making the diamond appear almost colourless 

or pale yellow. Most Ia diamonds are a mixture of Type IaA and Type IaB material. 

Type IaA, where the nitrogen atoms are in pairs, normally appear to be colourless. 
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Type IaB, where the nitrogen atoms are in large even-numbered aggregates, appear to 

be yellow or have a brown tint. 

Type Ib diamonds contribute to about 0.1% of all natural diamonds. The nitrogen 

impurity level here is up to 0.05% (500 ppm) but the impurities are more diffused in 

this type of diamond. Type Ib diamonds absorb green light in addition to blue and have 

an intense yellow or occasionally brown tint. The visible absorption spectrum of this 

type of diamond is broad-featured without sharp absorption bands [11]. Almost all 

high-pressure-high-temperature (HPHT) synthetic diamonds, the synthesis of which is 

described below, are of Type Ib [12]. 

Type II diamonds, which includes Type IIa and Type IIb diamonds, have no 

measurable nitrogen impurities. Unlike Type I diamonds, type II diamonds absorb in 

a different region of the infrared and transmit in the UV below 225 nm. They also have 

different fluorescence characteristics, but no discernible visible absorption spectrum. 

The shapes of these crystals are found to be large and irregular. Type II diamonds were 

formed under extremely high pressure for long time periods. 

Type IIa diamonds contribute to 1-2% of all natural diamonds (1.8% of gem 

diamonds). These diamonds, being almost or entirely devoid of impurities, are usually 

colourless. Occasionally, while Type IIa diamonds are being extruded towards the 

surface of the Earth, the pressure and tension can cause structural anomalies arising 

through plastic deformation during the growth of the crystal structure. These structural 

anomalies lead to imperfections in the diamonds that may confer a yellow, brown, 

orange, pink, red, or purple colour to the gem. Type IIa diamonds can have their 

structural deformations "repaired" via an HPHT process, removing much or all of the 

diamond's colour [13]. Synthetic diamonds grown using the chemical vapour 

deposition (CVD) process (see below) typically belong to this type. 

Type IIb diamonds contribute to only about 0.1% of all natural diamonds, making 

them one of the rarest natural diamonds and very valuable [14]. In addition to having 

very low levels of nitrogen impurities comparable to Type IIa diamonds, Type IIb 

diamonds contain significant boron impurities. The absorption from boron causes 

these gems appear to be light blue or grey [15]. These diamonds are also p-type 

semiconductors due to uncompensated holes (holes being electron vacancies in the 

valence band that functioned as positive charge carriers) and as little as 1 ppm of boron 

Diamond#_ENREF_12
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in diamond is enough to produce an electronic effect. Type IIb diamonds show a 

distinctive infrared absorption spectrum and show gradually increasing absorption 

towards red region of the visible spectrum. Figure 1-2 summarises the types of 

diamonds discussed in this section. 

 

Figure 1-2: Diagram of a summary of the different types of diamonds. 

1.2.3 Synthesis of diamond 

Driven by the desire to make cheaper and more readily available diamonds, 

researchers started to develop techniques to create artificial diamonds. Such research, 

named diamond synthesis, has been well developed since around 1955 [16-18]. Using 

the HPHT and CVD methods, synthetic diamonds have now become widely available 

with a cheaper price and higher quality [19]. Due to this reason, the research based on 

diamond has been accelerated and many outcomes have been fulfilled. Diamond is 

thus truly becoming “a scientist’s best friend” [20]. 

Currently, three main processes are widely used for the diamond synthesis, 

namely HPHT, CVD and detonation. Each method is described in detail as follows. 

High pressure high temperature (HPHT) 

Synthesis of an artificial diamond via the HPHT process was historically the first 

to be developed [17]. The method mimics the formation of a natural diamond via the 

geological processes. This technique involves subjecting a carbon-containing material, 

i.e. graphite, to a high temperature (>1500°C) and high pressure (> 5 Gpa), which 

induces the phase transition of graphite to diamond. 

The required high-pressure and high-temperature are achieved by using different 

press systems, including belt systems [17], cubic systems [21] and bar systems [22]. 

All HPHT press technologies employ a core reaction cell. This cell mainly contains a 

Type I 
N concentration > 20 

ppm, up to 3000 ppm  

Type Ib 
Single substitutional 

N  

Type IaA 
Pairs of N atoms  

Type Ia 
N-complexes 

(viodites) 
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Four N+ vacancy  
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“Devoid” of N 

impurities 

Type IIb 
Boron impurities  
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carbon source and some seed crystals to facilitate the growth of diamonds. A metal 

flux, typically iron (Fe), nickel (Ni), or a mixture of the two, is used as a solvent to 

transport the carbon source (graphite) to the seeds during the process. The use of a 

flux, which allows diamond to be synthesised at much lower temperatures and 

pressures, is necessary for a direct conversion of graphite into diamond.  

The main advantages of the HPHT method for growing diamonds are its relatively 

low cost and high throughput. Thus, the HPHT process is suitable for industrial 

production.  

Chemical vapour deposition (CVD) 

An alternative method of diamond synthesis is CVD. In this process, the diamond, 

sourced from a hydrocarbon gas mixture, is grown on a substrate inside a chamber. 

The growth temperature and pressure can be fully controlled in the chamber. 

The basic principle of CVD diamond growth is as follows: a substrate, typically 

single-crystal diamond, silicon, quartz, sapphire, or some particular type of metal (i.e. 

iridium [2]), is chosen and placed inside a growth chamber. During the growth, a 

mixture of hydrocarbon gas, typically methane and hydrogen, is injected into the 

chamber. This mixture source is heated using either a microwave beam, a hot filament, 

an arc discharge, a welding torch, a laser or an electron beam. At temperatures above 

800 °C, the mixture is ionized into chemically active radicals. These active radicals 

form the plasma which then reacts and begins to form diamond crystals on the 

substrate.  

Depending on the choice of growth substrate, single crystal diamond or 

polycrystalline diamond can be grown. Single crystal diamonds, which consist of a 

single, continuous crystal, are grown on single crystal diamond substrates. 

Polycrystalline diamonds, which consist of numerous small grains in intimate contact, 

are grown on extrinsic substrates other than single crystal diamonds. For 

polycrystalline diamonds, small diamond crystals nucleate randomly but, as the 

growth proceeds, the crystals become larger and eventually coalesce to form a 

continuous polycrystalline film. 

CVD-grown single crystal diamond generally has better optical performance 

compared to polycrystalline diamond due to the higher quality and lower optical 

scattering of the diamond. The advantages of CVD diamond growth include the ability 
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to grow diamond over large areas and on various substrates, and the fine control over 

the chemical impurities and thus properties of the diamond produced [23, 24]. Some 

of the diamonds used in this thesis work are CVD grown single crystal diamonds 

supplied by Element Six Ltd. [25].  

Detonation 

Diamond nanocrystals, typically a few nanometres in size, have been shown to 

originate from the detonation of carbon-containing explosives e.g. trinitrotoluene 

(TNT) and cyclotrimethylenetrinitramine (RDX or T4) in a metal chamber and are 

commonly referred to as detonation nanodiamonds (DNDs). 

The correct conditions of high-pressure (∼20-30 GPa) and high-temperature 

(∼3000-4000 K) for the thermodynamic stability of diamond are achieved at the shock 

front of the explosion. Under such conditions, the carbon atoms contained in the 

explosives themselves assemble to form diamonds. The chamber must be rapidly 

cooled after the detonation during the process. This is to suppress the tendency of 

forming graphite from carbon.  

Detonation nanodiamonds are consequently very small (i.e. 5 nm) and tend to 

have an extremely narrow distribution in size. This is because the time during which 

the pressure and temperature are suitable for carbon atoms to form diamond is limited 

(fractions of microseconds). Generally, commercial detonation nanodiamond powders 

contain up to 98% diamond crystals in the range of 2 to 10 nm. 

The synthesis of artificial diamonds by detonation has taken a decisive upturn 

during the past few years [2]. Notably, although the greatly reduced size of detonation 

diamonds means that they are less attractive than HPHT or CVD diamonds for 

industrial purposes, they are regarded as highly promising for a variety of applications 

in the emerging field of nanotechnology [3]. 

1.3 Diamond properties 

Diamond has a number of very attractive material properties making it promising 

for high-performance photonic devices. These properties include a wide transparency 

window, a large Raman gain coefficient, a high thermal conductivity, and extreme 

mechanical hardness and chemical inertness. Additionally, nitrogen vacancy (NV) 
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centres in the diamond are of interest for applications in quantum photonics [3]. This 

section will introduce the above-mentioned properties of the diamond. 

1.3.1 Optical properties 

Transparency 

With a wide indirect bandgap of 5.47 eV, diamond transmits almost all 

wavelengths from 225 nm in the deep UV to the far infrared [2] as shown in Figure 1-

3. For the far infrared, the 3 to 6 µm region shows absorption due to the higher-order 

multi-phonon processes [9].  

The broad transparency of diamond highlights its capabilities as an optical 

window material [26]. This broad transparency of diamond also benefits Raman laser 

application and single photon emissions with different wavelengths for use in quantum 

technology. In Figure 1-3 (reproduced from [22]), the diamond transparency window 

is compared to other commonly used optical materials, namely sapphire, zinc selenide 

(ZnSe) and germanium. As shown in Figure 1-3, diamond has the broadest 

transparency window of these materials. 

 

Figure 1-3: Comparison of the single crystal diamond transparency window to other 

commonly used optical materials (sapphire, ZnSe and germanium) (reproduced from [22]). 

The transmission % shown represents external transmission. 
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Raman gain coefficient  

A Raman laser uses frequency conversion in an optical gain medium to extend 

the laser’s wavelength of operation. The frequency conversion occurs via stimulated 

Raman scattering (SRS) and a Raman gain coefficient is associated with the optical 

gain arising from SRS [27] (see more discussions on page 81). The Raman gain 

coefficient of diamond is the highest among the most useful solid-state Raman 

materials; being 4 times that of potassium gadolinium tungstate (KGW), 3 times that 

of yttrium orthovanadate (YVO4) and 2 times that of barium nitrate (Ba(NO3)2) [2]. 

The high Raman gain coefficient in diamond is an advantage for Raman laser design. 

It provides lower thresholds, relaxed constraints on the performance of optical coating 

and a greater freedom to use shorter crystal lengths. This combined with diamond’s 

high thermal conductivity and wide transparency highlights diamond to be an ideal 

material for developing compact monolithic diamond Raman lasers (as will be 

presented in Chapter 4).  

The Raman gain coefficient and the available crystal length of diamond, KGW, 

YVO4 and Ba(NO3)2 are listed in Table 1-1.  

Table 1-1: Comparison of competitive materials for use as Raman laser material, data extracted 

from [2]. 

Material 
Diamond KGW YVO4 Ba(NO3)2 

g (cm/GW), at 

1064 nm and 

room temperature 

~17 ~4 ~5 ~11 

Crystal length L 

(mm) 

6 25 25 25 

 

The Raman gain coefficient in diamond is directly relevant to the study of SRS 

in solid-state media in general and to Raman laser engineering in particular. The 

variation of this quantity with wavelength will determine the spectral range within 

which diamond Raman lasers will operate efficiently. A systematic study of the 

dependence of the steady-state Raman gain coefficient in single-crystal CVD diamond 

on pump wavelength is carried out by Vasili et al. [28]. The measured wavelength 

*g=Raman gain coefficient and L=typical crystal length needed for the Raman laser.  
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dependence Raman gain coefficient of diamond is summarised in Table 1-2. The 

measurements indicate that the gain coefficient increases from 7.6 ± 0.8 cm/GW at 

1280 nm to 78 ± 8 cm/GW at 355 nm with a 1/λ dependence. The measurements were 

taken with the pump polarisation along the <111> direction in the diamond. These 

measurements, will assist with the design of future diamond Raman lasers. 

Table 1-2: Values of the Raman gain in diamond at different pump wavelengths, data from 

[28]. 

Pump wavelength, nm Raman gain, cm/GW 

355 78 ± 8 

532 42 ± 4 

670 41 ± 4 

800 26 ± 3 

1064 17 ± 2 

1280 7.6 ± 0.8 

 

Thermal conductivity 

 

Figure 1-4: Thermal conductivity of diamond compared to other selected materials, data 

extracted from [29]. 

Thermal conductivity (often denoted as k) characterises the property of a material 

to conduct heat. Diamond is a very good conductor of heat because of the strong 

covalent bonding and low phonon scattering [30]. The thermal conductivity coefficient 
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of diamond is as large as 2000 (W/m∙oC), almost five times larger than that of silver 

and copper, ten times larger than that of aluminium, and more than thirteen times larger 

than that of silicon, as shown in Figure 1-4.  

The effective management of heat is often the biggest hurdle to increasing the 

output power and efficiency of semiconductor devices such as light-emitting diodes 

(LEDs) and laser diodes. Here, detrimental effects such as increased nonradiative 

recombination, reduced peak optical gain, beam distortions, and crystal strain or 

cracking, are typically temperature-dependant. Since diamond has such a high thermal 

conductivity, it is widely used in semiconductor devices as a heat spreader or heatsink 

to minimise these and other heating effects [2,9, 14].  

Band structure 

Band structure of a solid describes the range of energies that an electron within 

the solid may have (called energy bands) and ranges of energy that it may not have 

(called band gaps). Diamond has similar band structures of other semiconductor 

materials such as silicon. However, the band gap of diamond (5.47 eV) is much larger 

than silicon (1.09 eV) [2]. Figure 1-5 shows the band structure of diamond where the 

energy bands are reflected as colour lines and the band gap is represented as spaces in 

between the lines. Γ is the centre point of the first Brillouin zone for the face centred 

cubic lattice, which possesses the highest symmetry. U,K, L, and X represent the points 

in the zone; Λ, ∆, and Σ represent the lines of high symmetry. 

 

Figure 1-5: Band structure of diamond [31]. The energy bands are reflected as colour lines 

and the band gap is represented as spaces in between the lines.  
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Refractive index 

The light refracts at the interface of materials that have different refractive indices. 

The propagating of the refracted beam follows the Snell’s law: 

𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2       (1-1) 

where n1 refers to the refractive index of the upper medium and n2 refers to the 

refractive index of the lower medium, and θ1 and θ2 are the reflected angle at the 

interface of two media, respectively. Diamond has an average refractive index of ~2.4 

at the visible spectrum region. The refractive indices of diamond change with 

wavelengths. Figure 1-6 shows the diamond refractive index as a function of the 

wavelength. The index value can be used as a reference in design of the optical 

components such as diamond waveguides and diamond resonators [49,97].  
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Figure 1-6: Diamond refractive index as a function of the wavelength, figure reproduced 

from [32]. 

1.3.2 NV centres in diamond  

The NV centre in diamond is attracting much attention as a promising candidate 

to provide solid-state quantum bits (qubits) for QIP [33]. QIP is the engineering 

technique used to manipulate information that is held in the state of a quantum system 

[3]. There are more than 500 different defects already discovered in diamond, among 

which the NV is the most studied [34]. The NV centre is a defect that consists of a 

substitutional nitrogen atom and an adjacent vacancy within the carbon lattice as 

depicted in Figure 1-7 (a). These NV centres, especially the negatively charged NV 
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centres (for which an extra electron is located at the vacancy site forming a spin S=1 

pair with one of the vacancy electrons), have a spontaneous emission under optical 

excitation that generates photons with a wavelength of 637 nm, as shown in Figure 1-

7 (b). The NV centre refers to the negatively charged NV in this thesis hereafter. The 

purely electronic transition generated by the NV centre is named the zero phonon line 

(ZPL). This ZPL emission exhibits a narrow linewidth. Having a ZPL emission at 637 

nm and a lifetime of approximately 12 ns, the NV centre is found to be a promising 

photo-stable single photon emitter at room temperature. Having energies of the bound 

electronic states smaller than the 5.47 eV bandgap of diamond, these NV centres can 

be considered as “trapped atoms” in the diamond lattice. The diamond lattice can 

provide protection of the NV centre against the decohering influence of the solid-state 

environment. Due to this protection, the coherence time of NV centres can be longer 

than 1.8 ms even at room temperature, which is necessary for QIP [34].  

The NV centre presents unique possibilities for QIP even at room temperature. 

Firstly, the NV centre can be optically initialised to quantum spin states [35]. Secondly, 

the quantum state of this centre can be manipulated in the ground states of ms=±1 as 

shown in Figure 1-7 (b) via electric, magnetic and elastic fields and microwave pulses 

[33]. Furthermore, the spin states of these NV centres can be subsequently read out 

through the photons emitted from these NV centres at the ZPL and inter-connected to 

form quantum networks [36].  

 

Figure 1-7: Schematic of NV (a) crystal structure [37] and (b) electronic structures [38]. In (a), 

grey balls represent carbon atoms in the diamond lattice, the yellow ball labelled with letter 
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“N” represents nitrogen and the dotted circle labelled with letter “V” represents the adjacent 

vacancy. In (b) the solid lines represent the energy levels, in which the 3A2 represents the 

ground triplet state, 3E represents the excited triplet state, 1A1 and 1E represent the singlet states, 

respectively and the Ms=±1 represent the split energy levels of the ground state due to the 

external microwave field as represented by “MW”. The green solid arrow represents the 

exciting green laser at 532 nm and the dotted red arrow represents the emission at 637 nm, the 

dotted grey arrows representing the non-radiative decay [38].  

However, issues still remain for effectively utilising such defects in practice. On 

one hand, the interaction of the NV centre with the emitted photon is weak in free 

space. On the other hand, the emission at zero phonon line of the NV is only 4% of the 

total emissions, with the rest coming from broad sidebands [3]. The measured emission 

spectra from the NV centre at cryogenic (T=1.8 K) and room temperature (T=300 K) 

are shown in Figure 1-8. As shown, the sharp ZPL emission at 637nm is only a small 

portion of the broad total emission spectrum, which ranges from 630 nm to 800 nm. 

This makes the efficiency of using the desired NV emission at ZPL relatively low. 

Thus, a method of enhancing the emission from the ZPL of the NV is necessary. 

 

Figure 1-8: Emission spectra from NV at cryogenic (T=1.8 K) and room temperature (T=300 

K), respectively [39]. 

Another technological problem to be addressed is the positioning of single NV 

centres. A sufficient positioning accuracy is necessary to guarantee an interaction 

between adjacent NV spins. Although regular arrays of single NV centres have been 

created, the positioning accuracy achieved has not been sufficient to realise actual 

applications [40] with a state-of-the-art spatial resolution ~2 nm [41].  

Furthermore, some applications based on NV centres in diamond have specific 

material requirements. For example, a diamond must be of ultra-high purity for 
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quantum technologies where the spin coherence is critical. The diamond crystal size 

and the optical stability of the hosted NV centres are also crucial for high-resolution 

magnetometer use and biomedical imaging [3]. Moreover, it has been shown that for 

many applications, the NV centre needs to be created as close as possible (< 5 nm) to 

the diamond surface [42]. To overcome these challenges, advanced fabrication 

techniques have to be developed. Some of these techniques will be described later in 

this thesis. 

Applications of diamond NV centres  

Over the past decade, diamond NV centres have been investigated extensively for 

applications in QIP. Some of these investigations aimed to enhance the collection 

efficiency of photons emitted from NV centres in the diamond substrate. Other 

investigations have focused on the modification of the spectral emission of the NV 

centre towards the ZPL. These include using diamond photonic devices such as solid 

immersion lenses (SILs) to increase the collection efficiency [43] or alternatively 

coupling the radiating NV centre to a localised mode of a high-Q cavity e.g. micro-

spheres [44], micro-discs [45] or photonic crystal cavities [46]. Different cavity 

schemes using hybrid methods have also been proposed. These hybrid approaches 

aimed to exploit the coupling of the NV centre with localised surface plasmons. This 

coupling helps to achieve an enhanced emission from the NV centre [47].  

In addition to being a building block for applications in QIP, the diamond NV 

centre is also a promising platform for sensing applications. In particular, the NV 

defect has strong sensitivity to magnetic field [48], electric field [49], strain [50], 

pressure [51] and its emission is temperature dependent [52]. The expression below 

shows how the Hamiltonian of the NV centre is related to these parameters. 

 

Hamiltonian of NV centres for different sensing fields [53]. D = 2.87 GHz is the zero-field 

splitting, B is the applied magnetic field, and S is the electron spin operator, Sx, Sy, Sz are the 

spins in x,y,z directions, respectively. E is the vector electric field, γe is the electron 

gyromagnetic ratio, γe B is the Zeeman splitting, 𝑺 ∑ Ai ∙ Iii   is the hyperfine term. 

Temperature 

sensing 

Electric/strain 

field sensing 

Magnetic 

field 

sensing 

Electronic 

spin 

coupling 

𝐻 = 𝐷 ∙ 𝑆𝑧
2 + 𝑬 ∙ ൫𝑆𝑥

2 − 𝑆𝑦
2൯ − 𝛾𝑒𝑩 ∙ 𝑺 + 𝑺 ∙  𝑨𝒊 ∙ 𝑰𝒊

𝑖

  



Diamond processing for advanced photonic devices 

16 

 

1.4 Diamond processing  

As described above, the outstanding properties of diamond make it a highly 

desirable material for many applications. However, due to its mechanical hardness and 

chemical inertness, processing diamond is a challenge. To date, several techniques 

have been developed for this purpose and each has its own advantages and limitations. 

These techniques include cutting, polishing, laser machining, focused ion beam (FIB) 

milling and dry etching. This section will give an overview of these techniques. 

1.4.1 Cutting  

Cutting is an important mechanical process which cuts a diamond to a desired 

size. Diamond cutting begins with examining and marking the diamond. The diamond 

can be cut by cleaving, mechanical sawing or laser cutting techniques. 

a) Cleaving  

Diamond cleavage occurs predominantly along a set of crystalline planes. For 

diamond, the easiest cleavage plane is (111) [54]. When cleaving, a diamond is set in 

a holder called a “dop”. A scratch groove is made first by using another diamond. 

Then, a steel knife is set into the groove and is tapped with a wooden mallet. If the 

scratch groove was made accurately along the crystalline plane, the diamond will 

cleave easily. However, if the scratch is misaligned, the mallet tap may shatter the 

diamond. 

b) Mechanical sawing 

For diamond sawing, the diamond sample is set into a “dop” (a small cup or 

collet) and is then clamped into an arm above a saw. The saw revolves at a high speed. 

Traditionally, a special diamond saw is used for cutting the diamond [2].  

c) Laser cutting 

Diamond can be cut by using a pulsed laser beam. Diamond is prone to crack 

during laser processing. The crack is due to the phase transition from diamond to 

graphite. In order to achieve successful cutting, the pulse duration of the laser beam 

should be adjusted carefully according to the type of diamond. The cutting surfaces 

are normally poor (up to m scale root-mean-square roughness [2]) and a further 

polishing process is required in order to improve the surface quality. A pulsed laser 
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used for laser cutting typically has a wavelength of 1064 nm and power around 50 W 

with a duration of 0.2 ns. 

1.4.2 Polishing  

Diamond polishing is an important process to obtain a highly smooth surface 

finish. There are two main types of diamond polishing method: scaife polishing and 

resin-bonded polishing [55].  

a) Scaife polishing 

A scaife is a metal wheel. The wheel can be made of different materials such as 

cast iron or bronze. It is typically "dressed" by impregnating the surface of the wheel 

with diamond grit or powder prior to polishing. The diamond sample is clamped in a 

hand-held metal holder and diamond polishing is carried out on the rotating ‘scaife’ 

wheel, which is about 0.3 m in diameter and 20 mm thick. During polishing, the wheel 

spins with a speed of about 3000 revolutions per minute (RPM), giving a linear 

velocity at the outer radius of 50 m/s [56]. Diamond polished using this method 

typically has groove features parallel to the polishing directions. The achieved 

diamond surface normally has a surface roughness of around 5 nm. The resulted 

surface roughness is mainly dependent on the grits and the polish directions that are 

used. 

b) Resin-bonded polishing 

The resin-bonded polishing method involves polishing diamond with a wheel 

similar to scaife polishing. The wheel is typically made of organic resin on which 

diamond grit was pre-embedded. The use of the resin-bonded polishing avoids the 

interruption and skilled labour necessary in keeping a cast-iron scaife fully charged 

with diamond powder. This is important in production in automatic production lines. 

Unlike scaife polishing, the diamond can be polished in more difficult directions such 

as the <110> direction on (100) and (110) planes of diamond and is of particular use 

for polishing polycrystalline diamonds. The polished diamond surface usually has a 

roughness around 2-3 nm.  

1.4.3 Focused ion beam milling  

Diamond focused ion beam (FIB) milling is a process of sputtering the diamond 

surface with non-reactive ion beams [57]. FIB milling is a technique that has been 
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widely used in the semiconductor industry, materials science and increasingly in the 

biological field, for material micromachining, microstructure fabrication, site-specific 

analysis and deposition.  

FIB milling offers accessibility to processing diamond on the micro/nano-scale 

with high precision and allows processing of complex shapes by simply varying the 

incidence angle of the ion source. However, we note that the FIB milling method is 

very time-consuming due to the slow FIB process. Additionally, the structure 

fabrication by using FIB milling is fundamentally limited by ion beam resolution, 

pattern reproducibility and writing size. For example, to mill a structure in a 330 nm 

layer, a 30 keV gallium beam at 100 pA can be used. The milling process takes a few 

minutes with a diamond etch rates of around 100 nm/min. When milling times exceed 

10 min, beam drift can also become a problem. Consequently, larger structures must 

be written faster at higher currents, which leads to a fall in feature resolution. At higher 

currents, beam divergence and sputtering effects lead to the rounding of cuts and 

features [58]. Due to above limitations, FIB milling is suited to prototype devices 

rather than to industrial fabrication. The FIB is able to fabricate structures down to 10 

nm in size, a processing resolution the laser processing cannot reach [2]. 

1.4.4 Dry etching  

Dry etching is a method to remove the material from the surface of a specimen 

by exposing the surface to plasma or etchant gases. The plasma and etchant gases are 

generated in an etching chamber.  

Dry etching is an industrial-scale process [59]. Compared to the other diamond 

process methods, dry etching has the following advantages: isotropic or anisotropic 

etching controllability; directional etching of materials independent of crystal 

orientation; faithful transfer of lithographically-defined photoresist (PR) patterns into 

underlying layers; high resolution and cleanliness; less undercutting; no unintentional 

prolongation of etching; better process control; ease of automation (e.g., cassette 

loading) and capability of defining small feature size (< 100 nm) [60]. Among all the 

dry etching methods, inductively coupled plasma (ICP) etching gives the most 

controllable etching process, lowest surface roughness and a relatively high etching 

rate.  

https://en.wikipedia.org/wiki/Materials_science
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Importantly, ICP etching processes are capable of producing optical quality 

surfaces that exhibit a low degree of roughness. The optical quality surface is critical 

to micro-optical and photonic devices. Materials used to mask diamond for dry etching 

include metal (e.g. Cr) [61] and dielectric and resist films (SiO2, PR, hydrogen 

silsesquioxane (HSQ)) [62] and also nanoparticles (Au, SiO2, Al2O3) [63]. To allow 

fabrication of high-aspect ratio diamond structures, an appropriate etching selectivity 

of the mask versus the diamond is necessary [64]. 

For the above reasons, ICP etching is the most suitable method for diamond 

processing on a large scale and so it is the main method used for the diamond 

processing in this thesis work. The detail of this method will be introduced in Chapter 

2.  

1.5 Diamond photonic devices  

A large number of diamond photonic devices have been developed in recent years 

for various applications. A selection of these diamond photonic devices which are 

directly relevant to this thesis work will be briefly reviewed in this section.  

1.5.1 Diamond optics  

With the advance of diamond synthesis and fabrication techniques, different 

diamond optical structures have been developed in recent years. Due to its high 

refractive index and large transparency window, diamond has been applied, for 

example, as an X-ray window material [64] and in lenses for spectroscopy [65]. In this 

section, optical devices fabricated on bulk diamonds are introduced. These devices 

include diamond lenses (optical lenses and SILs) as well as diamond nanopillars and 

diamond gratings. 

Diamond lenses 

a) Common optical lenses  

Given their universal use in the world of optics, it is natural that lenses have been 

among the first components to be considered for diamond optics. Diamond lens 

fabrication has a long history. In 1842, A. Pritchard, an optician, ground and polished 

the first diamond lens [66]. These early diamond lenses were used for microscopy [65]. 
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With the advance of CVD techniques, which can be used to deposit high-quality 

diamond onto flat or structured wafers, it is now possible to produce the diamond 

lenses in a cheaper manner. The applications of diamond lenses have thus expanded 

considerably. For example, using the high thermal conductivity of diamond, diamond 

lenses have been developed for applications in high power lasers and LEDs. Diamond 

lenses developed for such purposes have been reported by several groups worldwide 

such as Woerner et al.[67], M. Karlsson et al. [68], W. G. M. Nelissen et al. [69] and 

Gu et al.[70-73].  

Miniature diamond lenses (micro or nano scale) for applications in monolithic 

laser resonators as well as in quantum photonic cavities has attracted much attention 

in recent years. However, to achieve such micro/nano-diamond lenses with a high 

surface quality is difficult by using conventional fabrication techniques such as 

polishing or laser machining.  

Diamond micro-lenses with a high surface quality can be achieved by combining 

the thermal reflow of PR with the dry etching method which transfers the PR micro-

lens geometry into diamond. By using these combined techniques, various diamond 

lenses have been fabricated. However, the controllability of the PR lens formation 

process on the diamond surface is low and the PR reflow mechanism is still not fully 

clear. For such reasons, a detailed study of the PR thermal reflow process was carried 

out in this work as will be introduced in Chapter 3. Based on this study, diamond 

micro-lenses with a state-of-the-art large radius of curvature (ROC) of over 13 mm 

have been achieved [74]. The development of these large ROC diamond micro-lenses 

has enabled the monolithic diamond Raman lasers [75]. 

b) Diamond solid immersion lenses  

An solid immersion lens (SIL) is a hemispherical lens made of a high-refractive-

index solid material. If a point light source such as a NV emitter is located at the centre 

of an SIL, the SIL will reduce the emission light losses due to total internal reflections 

(TIRs) at the diamond-air interface (shown in Figure 1-9 (a) and (b)). It also offers 

higher magnification and higher numerical aperture than common lenses. The 

development of such SIL structures on diamond thus helps to enhance the collection 

efficiency of the single photon emission from such centres as NV’s.  
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Diamond SILs were first reported in 2006 [76]. Due to the high aspect ratio of 

SILs, their fabrication at the micron scale normally involves FIB milling. J. P. Hadden 

et al. achieved diamond SILs using FIB milling, however concentric ring structures 

were observed on these SIL surfaces [77]. Alignment of SILs to the individual colour 

centres has been achieved by registering a confocal fluorescence microscopy image to 

an FIB-written ruler. These markers are used as references when milling the SIL [78]. 

By using SILs, an eightfold increase in the collection efficiency was demonstrated as 

shown in Figure 1-9 (c). Similar SILs have been exploited to provide a higher count 

rate from two distinct NV emitters by Ronald Hanson’s group [79], allowing for 

quantum interference measurements between two photons and high-fidelity projective 

read-out of a solid-state spin quantum register [80]. P. Siyushev et al. also reported 

one order of magnitude increase in the efficiency for the detection of single photon 

emission by adding a diamond SIL [81]. At present, both hemispherical and super-

hemispherical diamond SILs are commercially available, and may find future 

application in diamond-based quantum optical systems or in optical data storage 

involving UV lasers [81]. 

 

Figure 1-9: Schematic of an SIL fabricated in a diamond sample, (a) shows the TIR inside a 

diamond; (b) shows the enhanced extraction efficiency using SIL structure and (c) shows a 

plot of the comparison between the collection efficiencies with a SIL and without a SIL. 

Figure sourced from [39]. 
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Diamond nanopillars and diamond gratings 

It is worth noting that some other micro/nano-diamond photonic structures 

offering the same function as the SILs have been demonstrated. These devices include 

diamond nanopillars as reported in [82] and diamond “bullseye” gratings as reported 

in [83]. 

Arrays of uniform diamond nanopillars are reported in [82], in which ∼200 nm-

diameter, 2 µm-high nanopillars were achieved in a Type Ib diamond. With these 

nanopillars, a maximum tenfold increase in photon flux was observed compared to the 

representative NV emissions in bulk diamond.  

A diamond “bullseye” grating consists of concentric slits that are fully etched into 

a diamond membrane [83]. The grating period a satisfies the second-order Bragg 

condition, a = λ/neff, where λ =680 nm approximates the mean of the NV emission 

wavelength and neff is the membrane’s effective index when placed on glass. Light 

guided in the membrane scatters with equal phases at the slits, leading to constructive 

interference in the vertical direction.  

1.5.2 Diamond Raman laser 

The frequency of the incident light can be changed via stimulated Raman 

scattering (SRS) when using diamond as the gain medium. Owing to the high thermal 

conductivity and the high Raman gain coefficient, diamond has attracted much 

attention for application in Raman lasers. The high thermal conductivity means an 

efficient thermal management within the Raman lasers which is important as SRS 

implicitly generates heat. The high Raman gain coefficient means a short length of 

laser crystal is needed and thus a compact laser configuration can be achieved.  

The diamond Raman lasers can be used to provide access to wavelengths that are 

hard to reach otherwise. For example, compact and robust diamond Raman lasers that 

convert widely available pulsed green lasers to the yellow-orange spectral region (a 

region safe for phototherapies) are highly desired for biomedical applications [84]. 

Diamond Raman lasers are usually composed of a pump laser source, a diamond 

as the Raman gain medium and external mirrors used to form a laser resonator [85]. 

Diamond Raman lasers with output power of 1.6 W [86] to over 100 W [87] in 

continuous wave (CW) operation [88] have been reported.  
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However, a novel compact and robust monolithic diamond Raman laser can be 

achieved. The monolithic diamond Raman laser needs minimal alignments of the 

experimental setup and has no further requirements of external mirrors [75]. The detail 

of the development of this monolithic diamond Raman laser will be reported in 

Chapter 4. 

1.5.3 Cavity-coupled diamond photonics 

To tackle the issue of the NV centre’s broad sideband-emission as mentioned in 

Section 1.3.2, it is necessary to enhance the NV emission at the ZPL. Coupling the NV 

emission to an optical cavity is a promising solution to this issue [89]. An optical cavity 

is a resonant structure that reinforces a narrow spectral emission band e.g. the NV 

emission at the ZPL. For diamond NV emissions, the reinforcement is realised by 

coupling the NV centre emission in resonance to a certain cavity mode that overlaps 

the emission spectrum. The principle of this reinforcement is described as cavity-

quantum electrodynamics (cavity-QED), as will be introduced in Chapter 5. Several 

examples of such cavities include the photonic crystal cavity [90], the whispering 

gallery mode cavity [91] and the Fabry-Perot cavity [92]. Figure 1-10 shows an 

overview of these cavity designs with their cavity parameters: the cavity quality factor 

Q (representing the frequency to bandwidth ratio, ωr/∆ω) and the cavity mode volume 

V. These parameters can directly influence the enhancement of the cavity-coupled 

emission. 

 

Figure 1-10: Overview of optical micro-cavities with different Q factors and mode volumes 

(V). After [93]. 
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The cavity-coupling of the diamond NV centre emission has been extensively 

studied in recent years [94] and two approaches have been mainly used. The first is to 

fabricate photonic cavities directly in a bulk diamond around pre-selected NV centres. 

This approach is normally classified as ‘monolithic diamond cavities’ [46,95,96]. The 

diamond photonic crystal cavity is one of the examples of such an approach. 

Alternatively, another approach is the hybrid method, which involves the integration 

of diamond NV centres to a photonic cavity formed in conventional photonic media. 

Examples of this approach include the hybrid whispering gallery mode cavities [44] 

and the Fabry-Perot cavity-coupled NV centres in diamond [92]. 

Monolithic diamond photonic crystal  

A diamond photonic crystal (PhC) cavity is a periodic dielectric structure that can 

prohibit the propagation of light for all directions within a frequency range. These 

photonic crystal cavities allow one to modify the spontaneous emission. During the 

past decade, photonic crystal cavities have become the benchmark for high-Q, low-V 

optical cavities, via their ability to confine light efficiently in-plane [90]. Diamond 

photonic crystal cavities have been fabricated both in two-dimensional planes and one-

dimensional nano-beams [95], by now with over 70 times emission enhancement 

reported with an acceptable tunability of the cavity-mode [96]. The coupling of NV 

centres in the resonance of such photonic crystal cavities has been demonstrated 

recently with a strong enhancement of the ZPL emission [97].  

Hybrid systems 

For the hybrid system, the obvious advantage is to combine diamond NV centres 

with more mature semiconductor fabrication techniques and conventional 

semiconductor materials. GaP is an example of such a material for cavity applications 

due to its transparency in the visible, high refractive index (~3.25) and a range of 

available machining techniques. These advantages allow the efficient coupling of light 

and the use of advanced fabrication methods. For such reasons, cavity-coupling of 

diamond NV emission to GaP waveguides [98] and GaP micro-disks [99] has been 

demonstrated.  

However, the drawbacks of the hybrid method are the high coupling loss at the 

interface. Moreover, the relatively inflexible tuning of the cavity mode limits the 
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capability of the cavity mode to overlap the ZPL emission. The NV centre in diamond 

thus needs to be characterised with high accuracy and its position and orientation needs 

to be optimised so as to be coupled to the cavity mode [100].  

The above-mentioned systems promise intimate coupling between the emitters 

and the cavity mode with potentially the smallest achievable mode volumes. However, 

the tuning of the cavity mode is difficult. An alternative approach is to use the external 

Fabry-Perot cavities to couple the NV emission, which has the advantage of great 

flexibility in terms of alignment and spectral tuning [101]. 

The Fabry-Perot cavity-coupled NV in nanodiamond has been reported in [102]. 

The reported cavity has a mode volume of 4.7 λ3, where λ= 637 nm is the wavelength 

of the ZPL emission from the NV centre, and a cavity Q >3000. These combined 

parameters are good enough to enhance the spontaneous emission rate of an NV in 

diamond. Moreover, all of the steps in this reported work are scalable and tunable, 

which means that it is possible to make multiple coupled NV cavities to realise 

networked QIP. The relatively large cavity design also enables the integration of the 

cavity structure with microwave lines which can control the NV spins in the ground 

states. However, both emission and ground state lifetime of NV centres in 

nanodiamonds are significantly worse than those from large single-crystal diamonds 

due to the inhomogeneous broadening of the spectrum emission of NV centres in 

nanodiamonds [92]. Additionally, the alignment of the nanodiamond, and hence the 

orientation of the NV with respect to the cavity mode, is difficult. The development of 

high quality single crystal diamond membranes will remove these problems. A 

diamond membrane containing the NV centres is a versatile platform for QIP instead 

of nanodiamonds. Cavity-coupling the single NV emission in a diamond membrane 

has advantages in both flexibility and tunability.  

Diamond membranes have been fabricated using “bottom-up” methods and “top-

down” methods. The “bottom-up” methods used homoepitaxial growth of diamond on 

top of a single crystal diamond substrate [103]. The “top-down” method thins down a 

thicker diamond platelet (e.g. 20 m) to a thinner membrane. The methods used for 

diamond thinning included ion implantation [104], FIB milling [105], laser cutting 

[106] and template polishing [107].  
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Using ICP etching to thin down diamond platelet is an effective method. ICP 

etching gives the least damage to the diamond sample and thus has the least detrimental 

influence on the colour centres [108]. However, large size (> 2 mm) freestanding 

diamond membranes with thickness below 1 m without cracking or damage have not 

yet been reported prior to our work.  

In this thesis work, the fabrication method of large size ultrathin diamond 

membranes was developed. A diamond membrane with size as large as 3 mm in 

diameter and thicknesses ranged from 250 nm to 1 m has been achieved. This 

diamond membrane was coupled to an open Fabry-Perot cavity for the first time to 

demonstrate the cavity enhanced emission. The detail of this work will be reported in 

Chapter 5. 

1.6 Outline of this thesis  

Recent breakthroughs in the synthesis of diamond have resulted in availability of 

diamond materials with improved optical quality, high purity and relatively low cost. 

These improvements have significantly stimulated the development of novel 

technologies for new applications. In this chapter, diamond properties, synthesis, 

processing and diamond photonic devices were briefly reviewed.  

In Chapter 2, the experimental facilities used in this thesis work will be introduced, 

including the tools used for fabrication and equipments used for characterisation. To 

control the shape of resulting diamond structures with spherical or aspheric features, a 

detailed study of PR thermal reflow process is carried out in Chapter 3. Combing this 

study with the optimization of ICP diamond etching, novel diamond micro-lenses with 

a large radius of curvature (ROC) on bulk single crystal diamond have been realised. 

These diamond lenses have enabled novel monolithic diamond Raman lasers. The 

detail of the development of such monolithic diamond Raman lasers will be introduced 

in Chapter 4. Large size single crystal diamond membranes that host NV centres pave 

the way of diamond photonic devices for applications in QIP. The detail of the 

development of such large size diamond membranes will be introduced in Chapter 5. 

Diamond membranes with wavelength-scale thicknesses (< 250 nm) were developed. 

By coupling with an open optical Fabry-Perot cavity, enhanced emission is realised. 

This result has a high impact on the scalable construction of quantum computing based 
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on diamond NV centres. A summary of the work discussed in this thesis and further 

work for the future will be presented in Chapter 6. 
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Chapter 2  Diamond device fabrication and 

characterisation 

In order to develop diamond-based devices with specific functions that are 

oriented to different applications, effective methods of fabrication and characterisation 

for micro/nano diamond devices are needed. This chapter introduces these techniques. 

The main fabrication techniques developed in this work are presented in the first 

section. Then the methods for characterising the resulting diamond photonic devices 

are introduced in the second section.  

2.1 Fabrication of diamond devices  

The performance of diamond photonic devices for various applications is highly 

dependent on how these photonic devices are fabricated. In particular, the geometry of 

the devices, such as the radius of curvature of a diamond lens, are critical factors. In 

this section, we will introduce the basic processes and techniques used to achieve 

geometrical control in diamond photonic device fabrication.  

The diamond samples used for device developments in this thesis are 

commercially available single crystal CVD diamond from Element Six Ltd [1]. A 

detailed introduction to the properties of the single crystal diamond can be found in 

Chapter 1. A list of the diamond sample specifications can be found in Appendix I. 

A typical planar fabrication process for a diamond photonic device is shown 

schematically in Figure 2-1. The main steps include pattern definition via 

photolithography and pattern transfer via plasma dry etching. However, due to the 

variation of diamond device structures, additional fabrication processes and techniques 

are required for different devices and these will be introduced in each chapter 

individually. In the following sub-sections, the main techniques commonly used for 

the fabrication of diamond devices are overviewed. 
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Figure 2-1: Side view schematic of the fabrication flow for diamond photonic devices. 

2.1.1 Formation and definition of photoresist patterns 

As illustrated in Figure 2-1, to fabricate a diamond photonic device, a proper 

transferrable pattern is necessary. Therefore, the pattern formation is an essential initial 

step. In micro-fabrication, a common and widely used technique for the pattern 

formation is photolithography, which has advanced greatly with the evolution of the 

modern semiconductor industry [2]. The photolithography technique has achieved a 

great success in the fabrication of large-scale integrated circuits. In the following 

section, photolithography is introduced, as it is the main fabrication method used in 

this thesis work. 

2.1.1.1 Photolithography 

Photolithography is a process that transfers patterns with custom-designed 

geometric shapes from a photomask to a thin photo-sensitive layer on a substrate [3]. 

In photolithography technology, a UV light beam and a photomask that has some non-

transparent chrome patterns on one side of a transparent glass plate are used [4]. The 

light beam shines through gaps between the chrome patterns of the photomask onto a 

layer of a special photo-sensitive organic compound, which is named photoresist (PR), 
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coated on the surface of a substrate [5]. The light causes chemical reactions in the PR 

layer in a step named ‘exposure’. The basic process of the photolithography is shown 

in Figure 2-2. After exposure, the sample is dipped into a developer to remove the 

unwanted part of the PR and keep the desired PR patterns on the sample surface. 

Depending on the properties of the PR, the developed resist pattern will be either a 

replica of the photomask (positive resist) or a complementary pattern to the photomask 

(negative resist). Thus, the photolithography process contains three main steps: PR 

spin coating, exposure and development. 

 

Figure 2-2: Illustration of the photolithography and the different patterns generated using 

positive and negative photoresists. 

PR spin coating 

The diamond samples are first cleaned ultrasonically in a sequence of baths of 

acetone, methanol and de-ionized (DI) water, each for 3 mins. After full cleaning and 

blow drying with a nitrogen gun, the first step of the photolithography is to spin coat 

a layer or layers of PR onto the surface of the sample. The PR in a liquid phase is drop-

casted on the sample surface and then the sample is spun up to a certain speed to 

generate a spin-coated thin-layer of PR with an even thickness on the sample surface.  

In this work, we use SPR 220 4.5 and SPR 220 7.0 positive PR (MEGAPOSIT® 

SPR 220 Series [6]) to make PR patterns. The last two digits of a PR name represent 

the layer thickness of that particular PR under a standard spin speed (3000 rpm), i.e. 
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SPR 220 7.0 means the PR layer thickness is 7.0 µm under a standard spin speed. The 

inset of Figure 2-3 shows how PR was spun coated onto a diamond substrate using a 

spin coater. The PR spin coating is critical for forming PR patterns with a suitable 

thickness for further processing.  

To achieve a PR layer on a substrate with a suitable thickness, different spin 

speeds and/or multiple PR layer method are used. The thicknesses of a single PR layer 

coated at different spin speeds are shown in Figure 2-3. 

 

Figure 2-3: The layer thickness of the coated SPR 220 4.5 and SPR 220 7.0 on wafer substrates 

corresponding to certain spin speeds, data extracted from Microchem Ltd [7]. 4.5 represents 

SPR 220 4.5 and 7.0 represents SPR 220 7.0 in the legend, inset is a photo of the spin coater 

used in this thesis work. The dashed line indicates 3000 rpm. 

Exposure 

After spin coating to achieve a suitable PR thickness, the sample is placed on a 

hotplate at 90 oC for 1 min to evaporate the residual solvent from the PR. This process, 

named soft bake, helps to increase the adhesion of the PR on the surface and prevents 

the PR pattern from deformation in the following steps. 

The coated PR layer is then exposed to UV light through a photomask. In this 

work, a Karl Suss MA6 Mask Aligner is used for the exposure process. A photograph 

of the machine used in our lab is shown in Figure 2-4. A typical mask aligner consists 

of three main parts: lamp housing, microscope and alignment stage. The lamp housing, 
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which accommodates the exposure light source, consists of a high-pressure mercury 

arc lamp and the corresponding electrical circuit. It is worth noting that, in the exposure 

process, the sample needs to be properly aligned to locate the targeted patterns at the 

required position on the sample surface through the microscope. The microscope 

indicated in Figure 2-4 is mainly used for monitoring the alignments before the 

exposure. During the alignment, there is a certain gap (i.e. 50 µm, depending on 

individual setups) between the photomask and the sample surface, allowing the x-y 

and angle adjustments from the alignment stage. The wafer chuck, which holds the 

sample by vacuum sucking and the mask holder that holds the photomask, are also 

shown in the same figure.  

  

Figure 2-4: Photo of a Karl Suss MA 6 Mask Aligner used for the work in this thesis. 

An important parameter for the exposure process is the contact method between 

mask and wafer. In the MA6 Mask Aligner, there are four modes of operation during 

the exposure process: the proximity exposure, the soft contact, the hard contact and 

the vacuum contact exposure. For the proximity exposure, a distance, the exposure gap, 

is left between the mask and wafer. The gap value is adjustable using the EDIT 

PARAMETER key at the front panel shown in Figure 2-4. The proximity exposure 

reduces the risk of mask damage to a minimum but the structural resolution achieved 

is not as high as with any contact exposure. For the soft contact exposure, mask and 

wafer are brought into contact. The structural resolution is better than in proximity 
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exposure. The vacuum securing of the wafer onto the chuck is maintained during 

exposure. Hard contact mode is similar to soft contact mode. After the wafer has 

moved into contact the vacuum underneath the wafer is switched off and nitrogen is 

purged under the wafer instead. So a closer contact between wafer and mask is 

guaranteed, even with large wafers. Vacuum contact mode achieves the highest 

resolution levels. After the alignment, the wafer is brought into contact with the mask. 

The rubber seal of a vacuum chuck creates a mini-chamber between mask and wafer. 

This chamber is evacuated in steps. A pre-vacuum gently pulls gas out of the mini-

chamber to enable a smooth contact between mask and wafer, which helps to prevent 

gas bubbles being trapped in between. Full vacuum is then applied as the next step. 

The wafer is loaded in the closest contact position and the best contact between mask 

and wafer is achieved. After the exposure, nitrogen is purged into the mini-chamber to 

break the vacuum. The larger the wafer, the longer the vacuum and purge times. In this 

thesis work, the hard contact mode is used as a trade-off between the risk of mask 

damage and achieving high resolution [8].  

 
Figure 2-5: Spectrum of the UV light source used for the exposure in this thesis, data 

extracted from [9]. 

The lamp housing model used in our MA6 mask aligner is UV400, which consists 

of an HBO  350 W/S high-pressure short-arc mercury lamp. HBO is a short name 

resulting from a Germany system of nomenclature, where ‘H’ represents ‘Hg 
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(Mercury)’, ‘B’ represents ‘quartz short-arc’ and ‘O’ means ‘optical projection’. The 

emission wavelengths of this lamp are mainly in the range between 350 nm and 450 

nm. Figure 2-5 is a typical emission spectrum of this high-pressure short-arc mercury 

lamp.  

The photolithography pattern resolution is determined by the wavelength of the 

exposure light source and the numerical aperture of the optical system. Generally, the 

ideal resolution (R) and depth of focus (DOF) of an optical system with a numerical 

aperture (NA) are determined by the Rayleigh criterion as [10]: 

𝑅 = 𝑘1
λ

NA
                                                                              (2-1) 

𝐷𝑂𝐹 = 𝑘2
λ

(NA)2                                                                     (2-2) 

When the NA is high enough (> 0.8), DOF can be calculated as [11]: 

  𝐷𝑂𝐹 = 𝑘3
λ

2(1−√1−(𝑁𝐴)2)
                                                        (2-3) 

where the numerical aperture NA= nsinθ and the factors k1 (a dimensionless scaling 

parameter), k2 and k3 (dimensionless factors of order unity which depends on the 

imaging details) are process-dependent constants. In order to decrease the feature size 

and thus increase the pattern resolution, we need to reduce the wavelength and increase 

the numerical aperture as can be seen from the above equations. Table 2-1 shows the 

wavelengths of some light sources for optical lithography and the corresponding 

pattern resolution and DOF calculated using Equation (2-1) to (2-3).  

Table 2-1: Wavelengths of light sources for optical lithography and the corresponding resolution 

(R) and depth of focus (DOF). k1=0.3 and k3=1 for R and DOF calculations. Assuming NA=0.9 for 

all wavelengths except extreme ultraviolet (EUV), for which NA=0.25 [11]. 

Light source λ(nm) R (nm) DOF (nm) 

Hg arc lamp (g-line) 436 145 386 

Hg arc lamp (i-line) 365 122 324 

KrF 248.3 83 220 

ArF 193.4 64 171 

F2 157.6 53 140 

EUV 13.5 16 213 
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The light sources used for high-resolution optical lithography have evolved from 

the Hg arc lamp (typical wavelengths: 436 and 365 nm) to an excimer laser (typical 

wavelength 193 nm) [12]. From the above, with our system, we can expect R of ~150 

nm and DOF of ~350 nm. 

Pattern development  

After exposure, the sample is placed into the developer solution for a required 

time. The developer reacts with the exposed PR and dissolves the unwanted parts of 

the PR layer. The developer for all positive resists used in this thesis work is the same 

(MicroDev from Microchem [13]). When fully developed, the sample is rinsed under 

running DI water and then a nitrogen gun is used to blow dry the sample. The sample 

is then inspected under a microscope. 

2.1.2 Pattern transfer 

In microfabrication, the patterns are normally made in PR first. These PR patterns 

can be transferred to the sample substrates by different techniques. To transfer the PR 

pattern to diamonds to make diamond structures, plasma dry etching is used due to the 

extreme hardness and the chemical inertness of diamond. The dry etching technique is 

introduced in detail as follows. 

2.1.2.1 Dry etching  

As briefly introduced in Chapter 1, dry etching uses reactive gaseous etchants and 

plasma to remove parts of the material from the exposed surface of the sample. This is 

schematically shown in Figure 2-6. The plasma, which is an ionised gas produced by 

applying RF excitation to neutral gas under specific conditions, generates an equal 

number of free positive and negative ions with high chemical activities [14]. These 

ions can react with the etched material at the sample surface, hence achieving chemical 

etching. In addition, plasma etching includes physical ion bombardment at the sample 

surface, which may change the chemical properties of the material and accelerate the 

overall etching process accordingly. Dry etching normally produces anisotropic 

etching profiles to form structures with small features that require high etching 

accuracy. There are two main categories of dry etching tools used for this work: 

reactive ion etching (RIE) and inductively coupled plasma (ICP) etching systems. 
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Figure 2-6: Side view schematic of the dry etching process, the exposed part that will be 

etched away is labelled with a black dashed-rectangle. 

Plasma etching tools 

a) Reactive ion etching (RIE) 

An Oxford PlasmaLab 80 Plus RIE System [15] is used for RIE etching in this 

work. Figure 2-7 (a) shows this RIE facility and Figure 2-7 (b) shows a schematic 

diagram of the RIE chamber. In the RIE system, the etching parameters including the 

gas flows, the gas pressure and the radio frequency (RF) power can be adjusted for 

different etching processes. The etching is performed with plasma induced by an RF 

source at 13.56 MHz. The applicable RF power ranges from 30 to 1000 W. The typical 

process gas pressure in the chamber is between 5 and 150 mtorr and plasma density is 

about 1-5 × 109/cm3. During the process, a DC bias is generated between the electrodes. 

The DC bias and the gas pressure determine the generated the energy of ions at the 

surface of the sample, which further determines the etching rate (a quantitative 

evaluation of the etching speed).  

Figure 2-7: (a) Photo of the RIE facility and (b) the schematic of the RIE chamber. 
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b) Inductively coupled plasma (ICP) etching 

In this work, the fabrication of the diamond devices was carried out by using a 

multiplex ICP etch tool (Surface Technology Systems, now SPTS [14]). A photograph 

and a schematic of this ICP etching tool are shown in Figure 2-8 (a) and (b), 

respectively. An ICP is similar to an RIE but with an additional inductive coil to 

enhance the plasma density. Compared to the plasma generated in an RIE system, the 

plasma density in ICP is therefore much higher, which increases the etching rate 

significantly. In ICP, the plasma density is controlled by the coil power, while the ion 

energy is determined by platen power.  

For the diamond device fabrication, Ar/O2 or Ar/Cl2 plasmas are commonly used. 

During the process, a typical ICP gas pressure is between 1 to 100 mtorr with a plasma 

density about 5×1011/cm3. The ICP etching parameters such as the gas flow, the gas 

pressure, the coil power and the platen powers can be adjusted separately for different 

ICP etching processes. The detail of the parameters used will be introduced in the later 

subsection. 

Figure 2-8: (a) Photograph of the ICP system and (b) the schematic diagram of the ICP 

chamber indicated by a red rectangle in (a).  

General plasma etching mechanisms 

As mentioned above, there are two main mechanisms in plasma dry etching, 

namely, the physical ion bombardment and the pure chemical etching. The physical 
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ion bombardment, as shown in Figure 2-9 (a), uses high-energy ions to remove the 

material from the sample surface directly. The etching rate is highly dependent on the 

flux and energy of the applied ions.  

 

Figure 2-9: Schematics of the two basic plasma etching mechanisms: (a) physical ion 

bombardment and (b) chemical etching. 

Chemical etching uses gaseous etchants to form easily-removable volatile by-

products on the sample surface through chemical reactions. The etching rate of pure 

chemical etching is highly correlated with the particular chemical reaction that occurs 

on the exposed sample surface between the gaseous etchants and the etched material. 

It is essential that the etching products are volatile otherwise non-volatile products 

would coat the sample surface and no further etching would then be possible. It is 

worth noting that pure chemical etching is usually isotropic. 

Plasma etching parameters  

A plasma is usually characterised by a set of fundamental parameters such as the 

electron number density and the electron temperature. However, these parameters are 

not generally useful in the semiconductor industry for many reasons [16]. The 

commonly used instrumental parameters include the reactor pressure, the RF 

frequency and power, the sample process temperature, the gas flow rate, the feed gas 

composition, the reactor geometry and materials. These parameters are measurable and 

thus are used to define the plasma etching process. 

In ICP, the main adjustable parameters are the coil power and the platen power. 

The coil power controls the plasma density. The platen power determines the ion 

energy, which accelerates the ions towards the etching surface. If the platen power is 

too high, undesirable surface damage and mask erosions can occur. 

Ion                  
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The unit of gas flow rate is standard cubic centimetres per minute (sccm). The 

gas flow should be large enough to feed in enough etchant species.  

Diamond dry etch recipes 

Two etch recipes were used for diamond etching in this thesis work: Ar/Cl2 and 

Ar/O2. The chemical etching mechanism of the diamond with Ar/Cl2 plasma is [17]:  

C + Cl2 CClx                                                                                                                                              （2-4） 

For the physical etching, Ar ions bombard diamond and dislodge the carbon atoms out 

of the diamond surface. This process also enhances the chemical reaction between the 

chlorine and carbon ions to form the etch products of CClx. The volatile etch product, 

CClx, is then pumped out from ICP chamber. The Ar/Cl2 etching recipe normally gives 

a smooth etched surface [9] and is used for fabricating high quality diamond photonic 

devices. This recipe is also used when a low selectivity (etch rate of diamond/ etch rate 

of photoresist) is needed. 

The Ar/O2 etching process is similar [18]. The ion-enhanced chemical etching 

mechanism is: 

C + O2 COx                                                                                                                                            （2-5） 

The optimised etching recipes for diamond of these two processes are shown in 

Table 2-2 and Table 2-3, respectively. The Ar/O2 is normally used to pursue a higher 

etch rate where the surface roughness is less concerned. 

Table 2-2: Ar/Cl2 ICP etching recipe for diamond photonic device fabrication. 
 

 
Table 2-3: Ar/O2 ICP etching recipe for diamond photonic device fabrication. 

Pressure Ar 

flow 
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power 

Coil 
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diamond 
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Pressure Ar 

flow 

Cl2 

flow 

Platen 

power 

Coil 

power 

Photoresist 

etching 

rate 

diamond 

etching 

rate 

Selectivity 

5 mTorr 25 

sccm 

40 

sccm 

300W 400W 750nm/min 75nm/min 0.1 
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5 mTorr 15 

sccm 

40 

sccm 

300W 800W 1375nm/min 220nm/min 0.16 

2.1.2.2 Wet etching  

Wet etching is a process used to remove material from a substrate chemically. It 

usually occurs at a liquid-solid interface through chemical reaction universally or 

selectively. There are several wet etching processes used in this work, such as 

immersion etching of PR in acetone and SiO2 etching in buffered oxide etch (BOE). 

All wet etching works are carried out in a wet bench as shown in Figure 2-10. 

 

Figure 2-10: Photograph of the wet bench in our cleanroom. 

Resist removal 

It is quite often necessary to remove PR from the substrate for the subsequent 

process or to restart the process. This can be done by immersing the sample in a glass 

beaker containing acetone. Non-crosslinked PR is usually quite easily removed. 

However, acetone has a high vapour pressure which can cause re-deposition of 

stripped PR onto the substrate because of its fast drying. So a methanol rinse is 

normally used after acetone immersion to produce a residue-free surface. Alternatively, 

an acid etching using Piranha mixture (as will be introduced in Chapter 5) can be used 

to remove stubborn organic residues. 

SiO2 etching 

SiO2 has regularly been used as a hard mask for diamond etching due to the higher 

etching selectivity it offers (defined as the ratio between the etch rates in the diamond 

and the PR). Such a SiO2 hard mask can be removed by wet chemical etching and 

Protective masks 

for acid etching Wet bench 
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almost all wet etching of SiO2 is done with hydrofluoric (HF) acid solution. The 

etching chemistry can be described by the following chemical reaction: 

   SiO2 + 6HF = H2SiF6 + 2H2O                                                                   (2-6) 

The SiO2 etching rate is very high using pure HF solution. In our laboratory, SiO2 

etching is done by BOE which is a buffered HF solution with mixed ammonium 

fluoride (NH4F) (HF: NH4F= 1:7). Using BOE has the advantage of a controllable 

etching rate which is about 100 nm/min for plasma-enhanced chemical vapour 

deposition (PECVD) SiO2. As HF reacts with SiO2 which is the main ingredient of 

glass, a plastic beaker is used for BOE or any HF solution. 

2.2 Characterisation methods for diamond photonic devices 

In order to characterise the diamond photonic structures and devices developed, 

some advanced characterisation techniques are required. These techniques provide 

information including profiles, surface roughnesses and optical performance of the 

diamond devices. In this work, a stylus surface profilometer and an optical profiler are 

used for the profile measurements (Chapter 3), and an atomic force microscope (AFM) 

is used for both local topography measurement and surface roughness measurement 

(Chapter 4, 5). Their relative resolutions are shown in Table 2-4. A knife-edge 

technique is used to measure the focal length of the diamond lenses developed for 

diamond Raman lasers (Chapter 4) and a scanning confocal microscope is used to 

measure the photoluminescence (PL) of the emission from the defect centres in the 

diamond membrane (Chapter 5). These techniques used are introduced in the following 

subsections. 

2.2.1 Profile characterisation 

For a fabricated structure, its geometry is usually the first thing one wants to know. 

For geometry measurements, the facilities used in this work include: a Dektak 3 

surface profilometer, a Wyko NT1100 optical profiler and an AFM. 

2.2.1.1 Dektak surface profilometer 

A Dektak 3 surface profilometer, a measuring instrument used to measure a 

surface's profile, was used for pattern profile measurements. In this tool, a diamond 

stylus is moved vertically in contact with a sample and then moved laterally across the 
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sample for a specified distance and specified contact force. This profilometer can 

measure small surface variations in vertical stylus displacement as a function of 

position. The height position of the diamond stylus generates an analog signal which 

is converted into a digital signal, stored, analysed, and displayed [19].  

  
Figure 2-11: Photograph of the Dektak 3 surface profilometer used in this thesis. 

Before the measurement, the sample is placed on an adjustable stage. After 

focusing, the stylus position is aligned to a cross hair shown on the screen. This cross 

hair can be used to indicate the start point of the measurement. The sample can be 

adjusted to be right below the stylus by using the positioning stage as shown in Figure 

2-11. After the alignment, the stylus tower is lowered to approach the sample surface. 

By moving the sample along a line toward one direction and recording the height at 

each lateral point, a line profile can be obtained. During the measurement, the 

occurring measured trace is displayed on the monitor as shown in Figure 2-11. The 

measured 2D profile data can be exported for further analysis. 

Our Dektak 3 profilometer can measure lateral lengths ranging from 50 m to 50 

mm and vertical heights from 10 nm to 131 m with a preset measurement length each 

time. The resolutions of the lateral and vertical measurements are 2.5 m and 1 nm, 

respectively. The resolutions are limited by the radius of the stylus and the scan speed 

each time. This tool is critical for the measurements of the formed PR bulge profiles 

reported in Chapter 3. Such a PR bulge profile measured by the Dektak surface 

profilometer is shown in Figure 2-12. 
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Figure 2-12: A representative PR bulge profile measured by the Dektak 3 surface 

profilometer. Φ is the measured diameter. 

2.2.1.2 Optical profiler  

An interferometer (a Mirau Interferometer here for example [20]) is a system 

where a beam of light is split and one beam is reflected from the object under test and 

the other is reflected from a reference mirror [20]. The beams are then recombined to 

create bright and dark bands called “fringes” that make up an interferogram. Fringes, 

like lines on a topographic map, represent the topography of the object. In an optical 

profiler, a CCD detector is used to register the interferogram and forward it to a 

computer for processing using interferometric phase-mapping programs. The detail of 

the principle of this optical profiling approach can be found in [20].  

For characterising ultrathin diamond membranes which will be reported in 

Chapter 5, noncontact measurements are critically important for avoiding possible 

damage. In this work, a noncontact Veeco Optical Profiling System (Wyko NT 1100, 

Veeco Ltd., now Bruker Ltd.) was used to characterise the ultrathin diamond 

membranes. A photograph of this system is shown in Figure 2-13 (a). A schematic of 

this optical profiler is shown in Figure 2-13 (b). Detailed descriptions of this setup can 

be found in [21]. 

This optical profiler can provide accurate surface topography, sub-nanometre 

vertical resolution, ability to stitch large area measurements using a motorised stage 

and a complete modelling of the surface profiles in 3D using the analysis software. 

There are two modes available in this setup: vertical scanning interferometry (VSI) 

and phase shift interferometry (PSI). In general, the VSI is used for measuring the 



Diamond processing for advanced photonic devices 

50 

 

surface with feature size larger than one-quarter of the source wavelength (~150 nm) 

or samples with a rough surface. The PSI is used for measuring the smooth surface and 

small vertical thickness. In our measurements, the VSI mode is used to measure the 

thickness of the diamond membranes. The lateral resolution of an interferometer is 

determined by its optical system and the wavelength of the light source. The lateral 

resolution of this Wyko NT1100 optical profiler is smaller than 300 nm.  

 

Figure 2-13: (a) Photograph of the optical profiler and (b) the schematic diagram of this 

optical profiler [21]. The optical filter removes all but the red light from the white light of 

the halogen lamp. 

A typical result measured using the optical profiler is shown in Figure 2-14, which 

demonstrates the topography (red area indicated as diamond platelet) and 3D 

reconstruction of the diamond sample sitting on the Si substrate (blue) for an overall 

area of 640×480 m2. The surface information of the diamond sample: the surface 

roughness (shown as Ra and Rq at the left of the 3D image) and the thickness of the 

diamond platelet is reflected in the image. The colour bar (as shown at the right side 

of the 3D image) represents the thickness information which gives a direct information 

of the thickness variation across the sample surface in reference to the Si substrate.  
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Figure 2-14: Typical measurement result from the Optical Profiler using VSI mode 

demonstrating a 3D reconstructed topography of a diamond sample sitting on a Si substrate. 

The measurement is carried out on an ICP etched diamond platelet from Element Six with a 

thickness around 6 m. The measured area is 640×480 m2. 

2.2.1.3 Atomic force microscopy 

The AFM is used in this work for high accuracy surface topography 

measurements including surface roughness characterisation. For optical applications, 

a smooth surface of an optical component with root-mean-square roughnesses below 

1 nm may be required which is beneficial for reducing the scattering loss at the surface. 

AFM is a powerful tool for providing such high accuracy information.  

In this work, a non-contact mode AFM (Park system Ltd., XE100 [22]) as shown 

in Figure 2-15, was used. AFM is based on the atomic force between atoms from a 

sharp tip (normally 12 nm in radius) on a cantilever and the surface of the sample. An 

AFM images the topography of a sample surface by scanning the cantilever over a 

region of interest. In non-contact mode AFM, a piezoelectric modulator deliberately 

vibrates a cantilever with very small amplitude at a fixed frequency. This frequency is 

near the intrinsic resonance of the cantilever. As the tip approaches a sample, the van 

der Waals attractive force between the tip and the sample acts upon the cantilever and 

causes changes. The changes caused by the raised and lowered features on the sample 

surface influence both the amplitude and the phase of the cantilever vibration. These 

vibration changes are monitored by using a laser beam reflected to the position-

sensitive photo diodes (PSPDs). By using a Z-Servo system feedback loop to control 

the height of the tip above the surface, thus maintaining constant laser position, the 

Si substrate 

Diamond platelet 

160 m 
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AFM can generate an accurate topographic map of the surface features [23]. An 

ultimate resolution of atomic lattice is achievable and the spatial resolutions is limited 

by the radius of the AFM tip (typically 2~5 nm) [22]. The measurement principle of 

the AFM is schematically shown in Figure 2-16. 

 

Figure 2-15: Photos of the AFM system used in this thesis work. 

 

Figure 2-16: Schematic of the principle of the AFM measurement. 

A comparison of the above profile measurement tool is summarised in Table 2-

4. 

Table 2-4: Comparison of the profile measurement tools. 

Equipment 
Resolutions and 

determined factors 

Comments 

Dektak profiler The resolutions of the 

lateral and vertical 

measurements are 2.5 m 

Measure range: lateral 

lengths ranged from 50 

m to 50 mm and vertical 

Light source 

Controllers 

Measurement 

monitor  

Focus adjustment 

Measured result 

Aligners 

Sample stage 

Stabilization 

station 
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and 1 nm, respectively. 

The resolutions are limited 

by the radius of the stylus 

and the scan speed (scan 

length/collected data 

points) each time. 

heights from 10 nm to 131 

m. 

Used for measurements of 

large sized patterns (mm 

scale).  

Optical profiler (Wyko 

NT1100) 

The lateral resolution of 

this optical profiler is 

smaller than 300 nm, 

limited by the wavelength 

of the laser beam source. 

Measure range: Vertical: 

0.1nm to 1mm, Lateral: 

0.08 to 13.1 µm. 

Used for measuring the 

transparent samples such 

as the diamond 

membrane.   

AFM Resolutions: 0.76 Å 

(lateral) and 0.25 Å 

(vertical), limited by the 

Set point and intrinsically 

the tip radius (2-5 nm). 

Measure range: lateral up 

to 50 m, vertical: up to 3 

m. 

Used to measure local area 

of sample surface with 

high precision, e.g. the 

edge thickness of the 

diamond membrane. 

2.2.2 Optical characterisation 

To fully characterise the performance of the diamond photonic devices, further 

optical measurements are needed. In this work, two optical characterisation methods 

are used: the focal length measurement of the diamond micro-lenses developed and 

introduced in Chapter 4 and the PL characterisation of the NV centres in the diamond 

membranes developed and presented in Chapter 5. 

2.2.2.1 Focal length measurements 

The focal length of an optical lens is an important parameter for its application. 

In this work, the focal length of convex diamond micro-lenses is measured by using a 

knife-edge technique. A schematic of this technique is shown in Figure 2-17 (a).  
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In this measurement, a collimated beam from a He-Ne laser passes through the 

diamond micro-lens as shown in Figure 2-17 (a). The propagation beam profile after 

the micro-lens is schematically shown in Figure 2-17 (b). As can be seen, the 

propagation beam has a minimum beam diameter at the focal point. The beam diameter 

varies at different Z position along the direction of propagation. At each Z position, 

the beam has a 2D Gaussian profile as shown in Figure 2-17 (c). During the experiment, 

the beam intensity is recorded as a knife-edge is translated through the beam using a 

calibrated translation stage. A fixed CCD photodetector records the integral of the 

Gaussian beam between −∞ and the position of the knife. The measured beam intensity 

along the Y position of each Gaussian profile is fitted to a theoretical Gaussian beam 

function. Based on the fitted results, the beam diameters of these Gaussian profiles can 

be calculated.  

Figure 2-17: (a) Schematic of the knife-edge technique used for the focal length measurement 

and (b) the converged propagation beam profile and (c) the Gaussian profile demonstrating 

the beam diameter D (green) and the clip width Dc (blue) at each Z position, the beam diameter 

being indicated with green arrow [24]. 

Taking a full set of knife-edge measurements and fitting as above can be tedious 

and time consuming. It is quicker to use the 10%-90% method outlined below. Firstly, 

the fully exposed intensity of the beam is measured. Then, the knife-edge is translated 

across the beam. The distance between the Y positions at which the beam intensity is 

10% and 90% of the full value, respectively, is recorded [25]. The distance between 

the two recorded Y positions, the clip width Dc, is used to evaluate the beam diameters 
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as shown in Figure 2-17 (c). The beam diameter can be calculated using the following 

equation [26]: 

𝐷 =
4×𝐷𝑐

2.56
= 1.561𝐷𝑐                                                                   (2-7) 

where D denotes the beam diameter at each Z position, and Dc denotes the measured 

clip width recorded using the clip level of 10-90%. By measuring D at each Z position, 

the beam diameter as a function of the distance to the micro-lens can be fitted. The 

propagation beam as shown in Figure 2-17 (b) can be obtained based on the fitted 

result. The focal length of the measured micro-lens is the distance at which D reaches 

the minimum. The measured results of the diamond micro-lenses using this knife-edge 

technique will be reported in Chapter 4. 

2.2.2.2 Photoluminescence 

Photoluminescence (PL) is a form of luminescence in which photons are emitted 

from a luminescent material excited by an external light source. PL may provide useful 

information on such as crystal vibrations and radiative transitions and is also a 

common technique used to measure the purity and crystal quality of semiconductors. 

In this work, PL is used to characterise the spontaneous emission from defect centres, 

in particular NV centres in diamond membranes.  

There are many variations of PL systems used to measure different properties of 

materials. In this work, a home-built scanning confocal microscope, as shown in 

Figure 2-18 (a), was used to measure the PL of defect centres [27]. This scanning 

confocal microscope was built by the Photonic Nanomaterials Group, Department of 

Materials, University of Oxford. In this confocal microscope, a laser source at 532 nm 

is used to excite a diamond sample and then the PL emissions, from the defect centres, 

are measured. In this setup, the sample temperature can be cooled down to 15 K by 

using a liquid nitrogen bath cryostat. This low-temperature cryostat is used to suppress 

the background noise. Figure 2-18 (b) shows the schematic of the experimental setup.  
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Figure 2-18: (a) Photograph of the home-build scanning confocal microscope setup used in 

this work and (b) the schematic diagram of the low-temperature cryostat. Image courtesy: 

Photonic Nanomaterials Group, University of Oxford.  

A more detailed schematic of the scanning confocal microscope is shown in 

Figure 2-19. Excitation light (a 532 nm green laser) is reflected by a dichroic beam 

splitter scanned with a fast steering mirror (Newport FSM300), which provides 10 rad 

pointing precision in tip and tilt within a single compact unit. The excitation light was 

then focused on the sample using a low-magnification objective lens (20×, NA = 0.45). 

The PL from the sample was collected by the same objective lens and guided to a 

spectrometer (Acton SP500i) with a liquid nitrogen-cooled CCD detector (Princeton 

Spec10). There is a long pass filter in front of the spectrometer to prevent the excitation 

light being detected by the CCD, which is used to image the sample with the purpose 

of controlling the excitation position at the sample surface. The long pass filter is an 

optical component with nearly 100% transparency for a specific long-wavelength 

(compared with the wavelength of the excitation light) range. Two telecentric lenses 

are situated in the vacuum tube so that the light is collimated when it passes through 

the tube window. The diameters of these telecentric lenses determine the field of view. 
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The two telecentric lenses in this setup provide approximately 50 mrad of range in the 

beam angle at the objective. Both excitation (green line) and collection (red line) are 

fibre coupled using the single mode fibre (yellow), with the collimated paths 

coinciding at a beam-splitter.  

  

Figure 2-19: Schematic of the scanning confocal microscope experimental setup. Image 

courtesy: Photonic Nanomaterials Group, University of Oxford. 

2.3 Conclusion 

In this chapter, the general micro-fabrication facilities, their principles and 

fabrication processes including photolithography and plasma dry etching have been 

introduced. The characterisation methods for the photonic devices developed based on 

these fabrication techniques were also described. These fabrication techniques and 
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characterisation methods will be applied to fabricate and characterise the diamond 

photonic devices as described in the later chapters. 
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Chapter 3  Control of photoresist masks by 

thermal reflow 

Photonic devices with specially designed three dimensional (3D) structures are 

desired to enable new functionality. To fabricate 3D structures in optical materials 

such as gallium nitride (GaN), silicon, sapphire and diamond by using the lithography 

method, 3D masks patterning is needed. In particular, controllably fabricating 

photoresist (PR) micro-masks with specially curved structures on the sample surface 

is desired. 

In this chapter, the controllable fabrication of such PR masks by using 

photolithography and thermal reflow methods is investigated. A study of profile 

evolution of the lithographically-defined PR patterns during thermal reflow is 

presented in Section 3.2. The findings are applied to the controllable fabrication of 

hemi-toroids in silicon as will be demonstrated in Section 3.3. In particular, PR micro-

lenses with a large radius of curvature (ROC) have been fabricated on a diamond 

surface. These micro-lenses can be applied in a micro-lensed, monolithic Raman laser 

as will be discussed in section 3.4 and in Chapter 4. 

3.1 Introduction 

Materials such as GaN, silicon, sapphire and diamond, have great potential for 

use in optical and photonic devices due to their particular physical properties. To take 

full advantage of these properties, efficient engineering methods are needed to 

fabricate photonic devices with special functionalities. In particular, methods of 

fabricating structures with specially curved surface profiles such as micro-rings or 

micro-lenses are desired for applications in optoelectronics and laser optics [1-4].  

Thermal reflow is a way to create PR patterns by heating the PR to a temperature 

above its glass transition. During reflow, the PR patterns form spherical surface 

profiles due to surface tension [5]. Thermal reflow is a commonly used technique to 

fabricate features with curved surface profiles such as micro-rings [6] or micro-lenses 

in the PR [1, 5]. The PR micro-lenses can then be transferred into other materials by 

etching to form convex lenses [7] or by moulding to form concave lenses [8, 9] on 

different substrates.  
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Thermal reflow of lithographically-defined PR patterns to form PR micro-lens 

mask, followed by inductively coupled plasma (ICP) etching to transfer the PR micro-

lenses to substrates is a well-established method for lens fabrication. This approach is 

attractive due to its simplicity, high reproducibility and the high surface quality of the 

resulting micro-lenses [7, 10]. The engineering aspects of this particular method have 

been studied and reported in the recent past [11-13]. However, even though the PR 

reflow step plays a crucial role in determining the profiles of the reflowed PR patterns 

and eventually the shape of the resulting micro-lenses after pattern transfer, little is 

known about the detailed processes and mechanisms that determine the exact shape of 

the reflowed PR. A controllable way of fabricating PR micro-lens patterns with 

different dimensions and ROCs has not yet been reported. The thermal reflowed PR 

shapes in relation to the reflow conditions such as the PR thicknesses and reflow 

temperatures have also not been studied in depth. 

In this chapter, a detailed study of the profile evolution of lithographically-

defined PR patterns during thermal reflow is presented and then the mechanisms that 

govern the shape of the reflowed PR is investigated. The PR reflow examination 

carried out in this work is applicable to fabricate curved profile 3D masks such as 

micro-toroids and micro-lenses in materials such as silicon and diamond. 

Importantly, in this study, the formation and evolution of a bulge at the edge of 

lithographically-defined PR patterns upon thermal reflow is observed. It is found that 

during PR reflow, this bulge forms at the edge of the PR pattern and propagates 

inwards as the temperature and/or PR thickness are increased. This is referred to here 

as the “edge bulge effect”. To our knowledge, this effect has not been investigated in 

depth before. There are a couple of known bulge formations that at first may appear 

similar, namely the “coffee stain effect” in liquid droplets upon solvent evaporation 

[14, 15], the “edge bead effect” in spin coating [16] and the bulges associated with 

moving contact lines [17] during PR deposition. However, the edge bulge effect 

reported here is distinctly different from these known effects. The evolution of the 

edge bulge is examined as a function of the reflow temperature and the initial thickness 

of the PR patterns. An empirical relationship for this evolution is derived and discussed 

in this chapter. Based on this examination, controlled fabrication of PR patterns is 

realised via the reflow method.  
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Furthermore, a previously unreported minimum thickness at a certain reflow 

temperature for the formation of a convex reflowed micro-lens shape on PR patterns 

is observed and characterised. It is further shown that the PR micro-lens formed at this 

minimum initial thickness has the largest ROC at its diameter. Based on the study, 

controllable fabrication of 3D PR masks, namely hemi-toroids and micro-lenses, has 

been realised as reported in Section 3.3. Moreover, a PR micro-lens pattern with the 

largest reported ROC of 1.4 mm at a diameter of 400 m is achieved. By using these 

PR patterns and ICP etching with a low etching selectivity, silicon hemi-toroid 3D 

structures have been realised. The process developed in this work enables the 

realisation of high-quality diamond micro-lenses with ROCs> 10 mm (as will be 

reported in Chapter 4), which have not been achieved before [4, 18-20]. Part of the 

work here has been reported in [21]. 

3.2 Formation and evolution of an edge bulge during the PR 

reflow 

Firstly, an in-depth investigation of the PR edge bulge effect and how it applies 

to reflowed PR micro-lens patterns with a large ROC was carried out. This study gave 

valuable guidelines for the fabrication of devices based on this technique. 

The PR reflow process employed here consists of three steps: the deposition of 

the PR on the substrate by spin-coating, the definition of the patterns by 

photolithography and finally the PR reflow by heating on a hotplate above its glass 

transition temperature, Tg, over 3 minutes. To pattern the sample, the Shipley 220-7.0 

positive PR was first spin-coated on the surface of a substrate using a standard spin 

speed of 3000 rpm for 1 min. Then the sample was soft-baked on a hotplate at a 

temperature of 90 oC for 1 min followed by a 35-second exposure under a Karl Suss 

Mask Aligner 6 and then developed in PR developer (MicroDev from Microchem) for 

1 min. Finally, the sample was cleaned with de-ionised water and blow dried with a 

nitrogen gun. Different initial thicknesses of the PR patterns were achieved by varying 

the spin speed as well as the number of deposited PR layers. In this work, PR with one, 

two and three layers were deposited by repeating the spin coating process. During the 

thermal reflow step, the PR turns into a liquid with a fixed contact line and varying 

contact angles. The typical view is that the PR droplet can be described as a liquid 
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whose shape is determined by the surface energy, the PR volume and the contact line 

[22]. However, the existence of the edge bulge observed shows that this simplified 

view is not always applicable as will be discussed in Section 3.2.1. It is worth pointing 

out that for reflow times longer than 3 minutes, PR shapes were observed to be 

independent of the reflow time and the repetition of the reflow step. The profiles of 

the patterned PR after reflow and cooling down to room temperature were recorded 

using a Dektak 3 surface profilometer. In this work, 2×2 cm2 silicon substrates diced 

from a 6-inch silicon wafer (purchased from Pi-Kem Ltd., reclaim grade, 425-550 m 

thick, single side polished, <100> orientation, P boron doped, resistivity 0-100 

Ohm/cm) were used to provide a large sample area. A similar behaviour of PR reflow 

was also observed on the diamond surface, as will be reported in section 3.3.2.1. 

3.2.1 Edge bulge observation and evolution 

In order to investigate the edge bulge evolution, the edge bulge propagation was 

first carried out on large 1×1 mm2 square PR patterns which minimise the interaction 

between the bulges and simulate a single bulge evolution.  

A set of micrographs of the propagation process with increasing temperatures at 

a PR initial thickness (h0) of 15 m during thermal reflow is shown in Figure 3-1. As 

can be seen, the edge bulge forms first at the borders of the pattern and then propagates 

inward when the reflow temperature is gradually increased.  

In order to monitor the bulge propagation quantitatively, a propagation distance 

(dmax) was measured, which corresponds to the position of the highest point of the edge 

bulge, as illustrated in Figure 3-2. These profiles are derived from the surface profiler 

measurements of the edge bulges and finally formed spherical lens shape as will be 

discussed later on. The black curve represents a profile with edge bulges. As the reflow 

temperature and/or PR thickness are increased, the bulge propagates inwards as 

indicated by the arrows until eventually a convex lens of approximately the spherical 

shape (red curve) is formed. 
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Figure 3-1: Micrographs of PR patterns (h0 = 15 m) taken at different temperatures during 

reflow. a) Sample before reflow, T= 70 oC, which is below the PR glass transition temperature. 

(b)-(h) Evolution of the PR pattern while the temperature was gradually raised to 240 oC.  

 
Figure 3-2: Derived profiles from the surface profiler measurements of the edge bulges during 

reflow in where the black curve represents a profile with an edge bulge and illustrates the key 

parameters dmax and D, and the red curve represents the profile of an eventually evolved convex 

lens, the arrows indicate the bulge propagation direction. 
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A schematic illustration of the edge bulge evolution progress is summarised in 

Figure 3-3 which demonstrates three evolutionary stages of PR bulges on a pattern 

with a limited area: Stage 1, the bulge formation at the edge of the PR pattern (Figure 

3-3 (a)), Stage 2, the propagation of the bulges (Figure 3-3 (b)) and Stage 3, the bulges 

being completely merged (Figure 3-3 (c)). If the initial PR thickness is large enough, 

the merged bulges may form a spherical lens shape.  

 

Figure 3-3: Schematic of the PR bulge evolution during reflow. 

To investigate the undisturbed propagation of a single bulge during reflow, the 

profiles of the reflowed edge budges on the PR patterns was examined. The evolution 

of the edge bulge is characterised as a function of the reflow temperature, T, and the 

initial thickness of the PR pattern, h0, before reflow. It was observed that in the case 

of a circular PR pattern with a diameter D, a convex lens shape is formed when dmax= 

D/2, which is also further discussed in Section 3.2.2. 

To investigate the influences of T and h0, PR patterns with h0 of 6.3 m, 15 µm 

and 21 m, corresponding to the thicknesses of the single-, double- and three-layer PR 
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deposition, respectively, were reflowed at different temperatures. The resulting 

profiles were measured. In addition, it was found that a PR thickness h0 around 12 m, 

corresponding to the thinnest achievable PR thickness using double-layer PR 

deposition, could give largest ROC. Thus, a PR pattern reflowed with h0 at 11.6 m 

was also prepared and measured. The dmax of these reflowed PR patterns was found to 

be a function of the reflow temperature which can be empirically derived from the 

measured dmax as shown in Figure 3-4, which plots d
 

max
 vs. T-Tg. The linear theory fit 

visible in this graph suggests the following empirical relationship: 

𝑑max  =   ℎ0 × ((𝑇 − 𝑇g) 𝑇p⁄  )⅓     (3-1) 

where Tp≈26.6×10-3 K is an empirically determined propagation constant, h0 denotes 

the initial thickness of the PR pattern and Tg≈352.2 K denotes the PR glass transition 

temperature on silicon substrates. The values for Tp and Tg were obtained by fitting 

the data shown in Figure 3-4. 

 

Figure 3-4: d
 

max as a function of T-Tg with h0 of 6.3, 11.6, 15 and 21 m, respectively. 

As can be seen from Equation (3-1), the dmax follows a linear relation of h0 at a 

constant reflow temperature. This Equation could be used for the estimation of the 

propagation of a single bulge on the PR after reflow.  

3.2.2 Bulge interaction and minimum thickness for micro-lens 

formation 

In Section 3.2.1, the undisturbed propagation of a single bulge reflowed on the 

PR pattern was examined. However, in the specific case of micro-lens fabrication, the 
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bulges from opposing edges of the pattern will eventually interact and merge to form 

a PR lens shape as shown in Figure 3-2 and Figure 3-3. Furthermore, the bulge 

propagations might be distorted by the interaction with each other due to a limited 

propagation area and a circular boundary. This might result in deviations from the 

propagation behaviour described above in Section 3.2.1. Moreover, a threshold-like 

phenomenon is expected when the bulges start to merge. After the bulges have 

completely merged, a convex lens shape is formed as described above. 

To investigate the bulge propagation behaviour in a limited area, circular PR 

patterns with diameters of 200, 250, 350 and 400 m, respectively, each with different 

initial thicknesses, were fabricated. These PR patterns were then reflowed at a fixed 

temperature of 125 oC for 3 min, which is a widely used reflow condition. The dmax 

was measured and is plotted as a function of h0 in Figure 3-5.  

 

Figure 3-5: Propagation distance dmax as a function of the initial thickness h0 of PR patterns 

with different diameters. The thick red dashed-dotted line represents Equation (3-1), and the 

vertical dashed–dotted lines indicate the minimum h0 at each diameter. Inset: micrograph of 

PR patterns with an initial thickness of 9.15 µm before thermal reflow. 

An optical image of PR patterns at an initial thickness of 9.15 µm before reflow 

is shown as an inset of Figure 3-5. It can be seen that at first, for h0< 9 µm, the 

propagation distance dmax of the edge bulge is less than that predicted by Equation (3-

1), as represented by a thick red dashed-dotted line in Figure 3-5. As mentioned, this 

might be an effect of the bulge interaction causing the repulsion of opposing edge 

bulges in a limited area. Upon further increase of h0, dmax increases drastically which 

may be due to the bulge contact and eventually merging.  
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Additionally, in Figure 3-5, a minimum h0 at each diameter indicated by the 

vertical dashed-dotted lines, which corresponds to the point where the dmax reaches the 

maximum possible value of the D/2, can be clearly observed. Above this minimum 

thickness, the dmax ceased to increase since the bulges completely merged at the centre 

of the pattern and no further inward propagation is possible. It is worth pointing out 

that this minimum thickness is consistent with the thickness given by Equation (3-1) 

for a propagation distance of dmax=D/2. This indicates that even for PR patterns with a 

limited area, Equation (3-1) is applicable to predict the required minimum thickness 

for bulges merged at the pattern centre to form a convex lens shape at a certain reflow 

temperature T. For example, to achieve a convex micro-lens with a diameter of 

D=400 m, the corresponding dmax should be 200 m. For a conventional reflow 

temperature of 125 oC, the minimum PR thickness is calculated to be 16.68 m, which 

means the PR thickness has to be above this value to form a lens shape after reflow.  

In this work, due to the geometry of the Dektak tip with a tip radius of 12.5 m, 

dmax is systematically overestimated. Note that for D<250 m, the systematic error of 

the Dektak measurement leads to a noticeable overestimation of the diameter in the 

measured profiles, which is clearly visible in the trace of D=200 m.  

In Figure 3-6, the minimum PR thickness required for lens shape formation with 

a given lens radius at a reflow temperature of 125 ºC on silicon is plotted. Similar 

behaviour has also been observed for PR patterns on diamond.  

 

Figure 3-6: Minimum PR thickness needed to form a spherical lens shape with a given radius 

at a reflow temperature of 125 oC on silicon. 
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Furthermore, it was found that the PR lens shape formed at the minimum initial 

thickness has the minimum lens height and thus largest ROC at its diameter. Based on 

this result, a PR micro-lens pattern with the largest reported ROC of 1.4 mm at a 

diameter of 400 m was achieved. As shown in Section 3.3.2, such a PR micro-lens 

pattern with the largest ROC has been successfully transferred onto diamond to form 

large ROC diamond micro-lenses. 

To quantify how closely the reflowed PR shapes resemble a spherical lens shape, 

the same set of data as shown in Figure 3-5 was fitted by a least squares fit to a 

spherical shape. As a figure of merit, a normalised least squares residual (Res) is used, 

which is calculated as:  

𝑅𝑒𝑠 = ∑ ((ℎexp,i  − ℎfit,i)
2)/(N × ℎ0

 2)𝑁
𝑖=1        (3-2) 

where hexp is the height of the experimental trace and hfit is the height of the fitted 

spherical shape at each point of the trace. The sum is evaluated over all N points of the 

trace within the interval [-D/2, +D/2], in which the traces are centred to zero. The 

calculation results are plotted in Figure 3-7 (a). Two examples of the measured and 

fitted traces are shown in Figure 3-7 (b). It can be seen that the trace with edge bulges 

deviates strongly from the fitted micro-lens shape and this deviation from the measured 

trace to the fit can, therefore, be used as a measure for how well the reflowed pattern 

resembles a spherical lens. In Figure 3-7 (a), for thicknesses h0≤ 9 µm, Res is 

approximately constant for different PR thicknesses at a value of Res≈0.05. This value 
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Figure 3-7: (a) Normalised deviation from a spherical lens shape calculated by Equation 

(3-2) and (b) example traces of measurement and fit of data points (1) and (2) of D= 

400 m shown in (a), Trace (1) h0=9.15 m, Res= 0.054 and Trace (2) h0=16.9 m, 

Res=0.0015. 
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corresponds to Trace (1) in Figure 3-7 (b). When h0> 9 µm, Res decreases at an 

exponential rate as indicated by the dashed-dotted line in Figure 3-7 (a). This means 

that, once a certain thickness is exceeded, the reflowed PR pattern changes to a 

spherical lens shape exponentially upon further increase of the PR thickness. A typical 

profile of such a spherical lens shape is shown as Trace (2) in Figure 3-7 (b). 

Furthermore, these results on the evolution of the PR profile also show that apart 

from spherical lenses, PR shapes like hemi-toroids or aspheric micro-lenses can also 

be achieved by the precise control of h0 and T, as will be discussed in Section 3.3. 

3.2.3 Discussion on the PR bulge evolution during reflow 

In this section, the observation of the edge bulge effect is related to past attempts 

to understand the profiles generated by PR reflow on a theoretical basis. In the simplest 

and most commonly used case, it is assumed that during reflow, the PR becomes an 

ideal liquid that forms a droplet with a fixed contact line [17] (or, in a few cases, with 

a fixed contact angle [22]). This approach satisfactorily describes the reflowed PR 

shapes obtained well above the minimum thickness described in Section 3.2.2. The 

more complex shapes observed below minimum thickness, however, cannot be 

explained by this approach. The underlying reason is that the droplet shape is 

calculated assuming that the pressure drop determined by the Young-Laplace law 

equals a constant term (related to the surface tension) plus a contribution from an 

external force, i.e., in particular, gravity [13]: 

1 𝑅1⁄ + 1 𝑅2⁄ = 𝑐 +  𝑓ext     (3-3) 

where R1 and R2 are the local ROCs of the surface, c is a constant, and fext is the 

contribution of external forces [23]. At the edge bulge, a change in sign of the local 

ROC, is encountered and thus of the pressure drop calculated by the Young-Laplace 

law. This intriguing observation is a fundamental problem for this simple approach. 

Very few theoretical investigations have been made that consider more complex 

shapes. Audran et al. [12] numerically solved the Navier-Stokes Equations and were 

thus able to model the temporal evolution of the droplet, including intermediate shapes 

that contain an edge bulge. However, their final shape still does not have an edge bulge. 

Since the edge bulge observed by us does not represent an intermediate temporal 

shape, it is questionable if it can really be explained by this model. O’Neill and 
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Sheridan [11, 24] summarised a number of fitting procedures for the recorded pattern 

profiles that account for complex surface shapes. While these fitting methods may be 

useful for engineering purposes, they do not give any insight into the physics causing 

the observed shapes. 

To summarise, the physics of the edge bulge formation remains essentially 

unknown. It is possible that the underlying mechanism is a so far unexplored aspect of 

fluid mechanics. Here, we mainly focus on the experimental results and their 

application in micro-lens fabrication. 

3.3 Applications of the controllable PR reflow process  

3.3.1 Hemi-toroid on silicon 

The potential applications of the controllable PR reflow process developed here 

is to fabricate special 3D curved profile structures such as hemi-toroids and aspheric 

micro-lenses on solid-state substrates, i.e. silicon and diamond. As an example, by 

applying the technique developed above, silicon hemi-toroids were fabricated using 

the process flow shown in Figure 3-8. 

 

Figure 3-8: Schematic of the process steps for hemi-toroid fabrication on silicon. 

Firstly, PR disks were fabricated using photolithography on silicon substrates as 

shown in Step 1 of Figure 3-8. PR bulges were fabricated on a PR disk pattern (D from 

200 to 400m) at a reflow temperature of 90 oC and h0 = 8.6 m as shown in Step 2 
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of Figure 3-8. Under these conditions, the dmax is estimated to be 64 m. These PR 

bulges formed PR hemi-toroid structures which were etched to transfer into a silicon 

substrate as shown in Step 3 of Figure 3-8. The etch recipe used here was: pressure 

5 mTorr, Ar flow rate 25 sccm, Cl2 flow rate 40 sccm, platen power 300 W and coil 

power 400 W. A plan view optical image of the fabricated hemi-toroids on a silicon 

substrate is shown in Figure 3-9. 

  
Figure 3-9: Plan view optical image of the fabricated silicon hemi-toroids with D from 200 

to 400m. 

The fabricated silicon hemi-toroids were characterised using a Dektak surface 

profilometer. The measured profiles of the PR and a transferred silicon hemi-toroid 

are shown in Figure 3-10. From Figure 3-10, the measured height of the silicon hemi-

toroids is about 1.5 m which agrees well the estimated value based on the height of 

the original PR bulge and the etch selectivity of PR to silicon under the Ar/Cl2 etching.  
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Figure 3-10: Measured profiles of a typical PR and silicon hemi-toroid with a diameter of 

350 m. 
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The dmax of the achieved profiles was measured to be 76.6 m and was close to 

the estimated value. These fabricated silicon hemi-toroids demonstrate the capability 

of the PR reflow process developed for such special structure fabrication. 

By using an appropriate ICP etching method to transfer the PR patterns, hemi-

toroid structures on diamond or other solid state materials could also be realised. This 

method could also be used to fabricate arrays of concave-lens patterns formed from 

the PR bulges with tunable separation.  

3.3.2 Micro-lenses with large ROCs  

As introduced in Chapter 1, diamond is an attractive material for photonic device. 

To fabricate diamond photonic devices such as diamond micro-lenses with a large 

ROC, a PR micro-lens with a large ROC and a low ICP etching selectivity for pattern 

transfer are necessary. The study in Section 3.2.2 demonstrates that at a certain 

diameter, there is a minimum PR thickness required to form a spherical PR lens 

structure by thermal reflow on silicon. The PR lens structure formed by adopting this 

minimum PR thickness has the largest ROC at a certain diameter as it gives a minimum 

lens height after thermal reflow. The lens ROC is calculated by Equation (3-4):  

𝑅𝑂𝐶 = (𝐷2 + 4ℎ2) 8ℎ⁄       (3-4) 

where D is the lens diameter and h is the lens height, respectively.  

3.3.2.1 PR thermal reflow on a diamond surface 

The work reported here shows that the PR thermal reflow behaviour on a diamond 

surface is similar to that on a silicon surface. By applying these findings together with 

a suitable ICP etch method, the fabrication of large ROC micro-lenses on a high-

quality single crystal diamond can be achieved. The detailed results will be presented 

in the following section.  

To investigate the PR thermal reflow behaviour and the edge bulge propagation 

on the diamond surface during reflow, PR patterns which were the same as those used 

in Section 3.2.1 were developed. The h0 of these developed PR patterns were 7.2, 16.3 

and 20.5 m, respectively. Reflow temperatures starting from 90 oC up to 240 oC were 

applied to investigate the single bulge propagation on the diamond surface. Figure 3-

11 shows the measured data and fitted curves of the dmax over T-Tg. A similar relation 
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of dmax and T can be derived from these data and fits with Tg≈361.3 K and Tp≈3.1×10-

5 K. After fitting the measured data, the propagation distance of the PR bulge, dmax 

over reflow temperature T on a diamond surface, is chosen to fit the data as: 

𝑑max  =   ℎ0 × ((𝑇 − 𝑇g) 𝑇p⁄  )1 5⁄   (3-5) 
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Figure 3-11: Measured and fit of the data of PR bulge propagation on the surface of diamond 

in which d
 

max is a function of T-Tg with h0 of 7.2 m, 16.3 m and 20.5 m, respectively. 

Note that the obtained Tg and Tp for PR on diamond might be due to the different 

characteristics of the diamond and silicon surfaces. However, this derived formula is 

still suitable as a guideline for the controllable fabrication of PR micro-lens patterns 

on diamond and subsequent special diamond micro-lens fabrication. The development 

of the large ROC PR micro-lenses on the diamond surface based on these findings is 

described in Section 3.3.2.2. 

3.3.2.2 Fabrication of large ROC PR micro-lenses on diamond 

In the work reported here, a PR micro-lens array mask with a diameter of 400 m 

was fabricated on a 4×4 mm2 optical grade single crystal diamond platelet with a root-

mean-square (RMS) surface roughness of <5 nm (Element 6 Ltd.). A multiplex ICP 

etch tool (SPTS Ltd.) was used to transfer the PR mask pattern onto diamond. Based 

on the study shown in Section 3.3.2.1, for a PR micro-lens of 400 m in diameter and 

a reflow temperature of 125 oC, the minimum PR thickness is achievable using a 

thickness that gives adequate uniformity and fidelity of the developed PR patterns on 

the diamond. Furthermore, increasing the PR thickness will also result in significantly 

reduced uniformity and pattern fidelity due to an increasing influence of the edge bead 

effect on the small diamond sample (as will be discussed in detail in Chapter 4). 
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Therefore, a higher reflow temperature over 135 oC was applied, which allowed PR 

micro-lens formation with an initial thickness of h0=11.5 m on the diamond. In this 

way, the resulting PR micro-lens on diamond had a ROC as large as 1.4 mm. To 

fabricate a diamond micro-lens with a larger ROC, an etch recipe with a low etch 

selectivity is required to transfer the PR micro-lens mask to diamond. The PR profiles 

formed under one-layer PR deposition and formed at controlled PR thickness based on 

multiple layers and reflow temperature are shown in Figure 3-12. The etched diamond 

micro-lens array is shown in Chapter 4, Figure 4-12. 

 

Figure 3-12: Comparison of profiles of formed PR patterns on diamond: (a) the profile with 

edge bulges formed using single PR layer and (b) the micro-lens formed by controlling the 

PR thickness at 11.5 m and a reflow temperature over 135 oC (ROC=1.4 mm) using 

multiple PR layers. 

3.4 Outlook 

Based on this study, patterned structures other than spherical convex lenses, such 

as hemi-toroids [25], concave-lenses, aspheric micro-lenses and the hemi-toroid on 

optical materials such as GaN, silicon, sapphire and diamond, should be achievable by 

using the precise control of the PR reflow and optimised ICP etching. Diamond micro-

lenses with such large ROCs resulting from these PR masks can be used to form micro-

resonators [26] and serve as crucial components for application in a monolithic 

diamond Raman laser [27]. The detail of the fabrication of these special diamond 

micro-lenses including the challenges of the fabrication process and the performance 

of these special micro-lenses in a monolithic diamond Raman laser will be discussed 

in Chapter 4. The technique of diamond micro-lens fabrication with such special 

geometry might also find use in SILs for quantum related technologies [28-30]. 
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Similarly, micro-lenses with different diameters and ROCs in various other materials 

can be achieved following the principles outlined here and might find application in 

imaging [31] or displays [32]. Importantly, the PR micro-lens masks on a diamond 

surface discussed in 3.3.2.2 were later transferred to diamond via ICP etching with 

Ar/Cl2 plasma [10], which enabled the diamond micro-lens with a state-of-the-art large 

ROC. This result will be reported in detail in Chapter 4. 

3.5 Conclusions 

The “edge bulge effect” exhibited during the PR pattern reflow process has been 

studied and the findings have been applied to develop novel 3D resist geometries on 

silicon and diamond. An empirical description and relationship of the PR edge bulge 

evolution as a function of the initial PR thickness and the reflow temperature was 

provided, although the underlying physics still open to discussion. Importantly, in the 

case of the fabrication of micro-lenses with certain pattern diameters, it was observed 

that there is a minimum PR thickness at which a spherical PR lens structure can be 

formed by thermal reflow and that the lens profile formed has the largest ROC. This 

minimum thickness is predictable by using Equation (3-1) on silicon and Equation (3-

5) on diamond. This study underpins the controllable fabrication of PR patterns using 

thermal reflow. Furthermore, by combining the controllable fabrication of PR patterns 

with the PR pattern transfer via suitable ICP etching, silicon hemi-toroids have been 

achieved.  

References 

[1] H.W. Choi, E. Gu, C. Liu, J.M. Girkin, M.D. Dawson, Fabrication and evaluation of GaN negative 

and bifocal microlenses, Journal of Applied Physics, 97, 1 (2005). 

[2] H.W. Choi, C. Liu, E. Gu, G. McConnell, J.M. Girkin, I.M. Watson, M.D. Dawson, GaN micro-

light-emitting diode arrays with monolithically integrated sapphire microlenses, Applied Physics 

Letters, 84, 2253 (2004). 

[3] E. Gu, H.W. Choi, C. Liu, C. Griffin, J.M. Girkin, I.M. Watson, M.D. Dawson, G. McConnell, A.M. 

Gurney, Reflection/transmission confocal microscopy characterization of single-crystal diamond 

microlens arrays, Applied Physics Letters, 84, 2754 (2004). 

[4] N. Laurand, C.L. Lee, E. Gu, J.E. Hastie, S. Calvez, M.D. Dawson, Microlensed microchip VECSEL, 

Optics Express, 15, 9341 (2007). 

[5] D. Daly, R.F. Stevens, M.C. Hutley, N. Davies, The Manufacture of Microlenses by Melting 

Photoresist, Measurement Science and Technology, 1, 759 (1990). 



Diamond processing for advanced photonic devices 

77 

 

[6] C.L. Lee, E. Gu, M.D. Dawson, Micro-cylindrical and micro-ring lenses in CVD diamond, Diamond 

and Related Materials, 16, 944 (2007). 

[7] H.W. Choi, E. Gu, C. Liu, C. Griffin, J.M. Girkin, I.M. Watson, M.D. Dawson, Fabrication of natural 

diamond microlenses by plasma etching, Journal of Vacuum Science & Technology B, 23, 130 

(2005). 

[8] E. Roy, B. Voisin, J.F. Gravel, R. Peytavi, D. Boudreau, T. Veres, Microlens array fabrication by 

enhanced thermal reflow process: Towards efficient collection of fluorescence light from 

microarrays, Microelectronic Engineering, 86, 2255 (2009). 

[9] C.L. Lee, H.W. Choi, E. Gu, M.D. Dawson, H. Murphy, Fabrication and characterization of diamond 

micro-optics, Diamond and Related Materials, 15, 725 (2006). 

[10] C.L. Lee, E. Gu, M.D. Dawson, I. Friel, G.A. Scarsbrook, Etching and micro-optics fabrication in 

diamond using chlorine-based inductively-coupled plasma, Diamond and Related Materials, 17, 

1292 (2008). 

[11] F.T. O'Neill, J.T. Sheridan, Photoresist reflow method of microlens production Part I: Background 

and experiments, Optik, 113, 391 (2002). 

[12] S. Audran, B. Mortini, B. Faure, G. Schlatter, Dynamical formation of microlenses by the reflow 

method: numerical simulation and experimental study of the process fabrication, Journal of 

Micromechanics and Microengineering, 20, 095008 (2010). 

[13] A. Schilling, R. Merz, C. Ossmann, H.P. Herzig, Surface profiles of reflow microlenses under the 

influence of surface tension and gravity, Optical Engineering, 39, 2171 (2000). 

[14] R.D. Deegan, O. Bakajin, T.F. Dupont, G. Huber, S.R. Nagel, T.A. Witten, Capillary flow as the 

cause of ring stains from dried liquid drops, Nature, 389, 827 (1997). 

[15] S. Das, P.R. Waghmare, M. Fan, N.S.K. Gunda, S.S. Roy, S.K. Mitra, Dynamics of liquid droplets 

in an evaporating drop: liquid droplet "coffee stain" effect, RSC Advances, 2, 8390 (2012). 

[16] T. Dobroth, L. Erwin, Causes of Edge Beads in Cast Films, Polymer Engineering & Science, 26, 

462 (1986). 

[17] I.S. McKinley, S.K. Wilson, The linear stability of a drop of fluid during spin coating or subject to 

a jet of air, Physics of Fluids, 14, 133 (2002). 

[18] E. Woerner, C. Wild, W. Mueller-Sebert, P. Koidl, CVD-diamond optical lenses, Diamond and 

Related Materials, 10, 557 (2001). 

[19] N. Laurand, C.L. Lee, E. Gu, S. Calvez, M.D. Dawson, Power-Scaling of Diamond Microlensed 

Microchip Semiconductor Disk Lasers, IEEE Photonics Technology Letters, 21, 152 (2009). 

[20] N. Laurand, C.L. Lee, E. Gu, J.E. Hastie, A.J. Kemp, S. Calvez, M.D. Dawson, Array-Format 

Microchip Semiconductor Disk Lasers, IEEE Journal of Quantum Electronics, 44, 1096 (2008). 

[21] H. Liu, J. Herrnsdorf, E. Gu, M.D. Dawson, Control of edge bulge evolution during photoresist 

reflow and its application to diamond microlens fabrication, Journal of Vacuum Science & 

Technology B, 34, 021602 (2016). 



Diamond processing for advanced photonic devices 

78 

 

[22] N. Ph, R. Völkel, H.P. Herzig, M. Eisner, S. Haselbeck, Design, fabrication and testing of microlens 

arrays for sensors and microsystems, Pure and Applied Optics: Journal of the European Optical 

Society Part A, 6, 617 (1997). 

[23] B. Lautrup, Physics of Continuous Matter: Exotic and Everyday Phenomena in the Macroscopic 

World, Chapter 8, IOP Publishing Ltd., (2005). 

[24] F.T. O'Neill, J.T. Sheridan, Photoresist reflow method of microlens production Part II: Analytic 

models, Optik, 113, 405 (2002). 

[25] M.-H. Wu, K.E. Paul, G.M. Whitesides, Patterning flood illumination with microlens arrays, 

Applied Optics, 41, 2575 (2002). 

[26] H. Liu, S. Reilly, J. Herrnsdorf, E. Xie, V.G. Savitski, A.J. Kemp, E. Gu, M.D. Dawson, Large 

radius of curvature micro-lenses on single crystal diamond for application in monolithic diamond 

Raman lasers, Diamond and Related Materials, 65, 37 (2016). 

[27] S. Reilly, V.G. Savitski, H. Liu, E. Gu, M.D. Dawson, A.J. Kemp, Monolithic diamond Raman 

laser, Optics Letters, 40, 930 (2015). 

[28] W. Pfaff, B.J. Hensen, H. Bernien, S.B. van Dam, M.S. Blok, T.H. Taminiau, M.J. Tiggelman, 

R.N. Schouten, M. Markham, D.J. Twitchen, R. Hanson, Unconditional quantum teleportation 

between distant solid-state quantum bits, Science, 345, 532 (2014). 

[29] M. Jamali, I. Gerhardt, M. Rezai, K. Frenner, H. Fedder, J. Wrachtrup, Microscopic diamond solid-

immersion-lenses fabricated around single defect centres by focused ion beam milling, Review of 

Scientific Instruments, 85, 123703 (2014). 

[30] J.P. Hadden, J.P. Harrison, A.C. Stanley-Clarke, L. Marseglia, Y.L.D. Ho, B.R. Patton, J.L. O'Brien, 

J.G. Rarity, Strongly enhanced photon collection from diamond defect centres under 

microfabricated integrated solid immersion lenses, Applied Physics Letters, 97, 1 (2010). 

[31] R.P. Rocha, J.P. Carmo, J.M. Gomes, M. Belsley, J.H. Correia, Microlenses Array Made with 

AZ4562 Photoresist for Stereoscopic Acquisition, Procedia Engineering, 47, 619 (2012). 

[32] T. Knieling, M. Shafi, W. Lang, W. Benecke, Microlens array production in a microtechnological 

dry etch and reflow process for display applications, 7, 12007 (2012). 

 

 

 

  



Diamond processing for advanced photonic devices 

79 

 

Chapter 4 Large radius of curvature diamond 

micro-lenses and monolithic diamond Raman 

lasers 

In this chapter, a novel monolithic diamond Raman laser, in which the diamond 

served as both a Raman gain medium and a micro-resonator is described. The micro-

resonator is formed by mirror coating both the micro-lensed and the back plane facets 

of a monolithic single crystal chemical vapour deposition (CVD) diamond. Such a 

monolithic diamond Raman laser needs minimal alignment and requires no external 

mirrors to form an optical resonator, and hence is more compact and robust compared 

to conventional diamond Raman lasers.  

Work on how to realise such a monolithic diamond Raman laser will be presented 

in this chapter. A micro-lensed monolithic diamond with a large radius of curvature 

(ROC) to provide a large mode area for the resonator is critical, as described in Section 

4.1. The details of the importance and design principles of this diamond micro-lensed 

resonator are discussed in Section 4.2. The challenges of developing such large radii 

of curvature micro-lensed resonator in single crystal CVD diamond are described in 

Section 4.3.  

An optimised photoresist (PR) reflow process based on the study of controllable 

PR reflow as discussed in Chapter 3 and a low selectivity inductively coupled plasma 

(ICP) etching are used to realise a uniform array of micro-lenses on diamond. As a 

result, diamond micro-lenses with radii of curvature of 13 mm or more and a high 

quality surface of root-mean-square (RMS) roughness of 0.18 nm have been 

developed. Potentially, diamond micro-lenses with an even larger ROC can be 

achieved using the processes developed in this work. Utilising these new diamond 

micro-lenses enabled a pulse energy scalable monolithic diamond Raman laser where 

large ROCs of the micro-lenses are critical. The demonstration and characterisation of 

such a monolithic diamond Raman laser will be described in Section 4.4. 

4.1 Introduction 

High power solid-state lasers such as rod lasers, thin disk lasers and Raman lasers 

are challenged by issues of heat management. This includes “thermal lensing” (in high 
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power lasers, the gain medium is heated up, causing a transverse gradient of the 

refractive index from the beam axis to the outer regions, which results in a lensing 

effect) [1] and “thermal expansion” (thermal induced mechanical bulging of the 

crystal) [2]. These issues degrade the laser performance and can damage the laser. 

An efficient method of heat management is therefore desired to solve these 

thermal issues. The unparalleled thermal conductivity of diamond, as discussed in 

Chapter 1, makes it an outstanding material to efficiently manage the heat in high 

power laser applications [3, 4]. In fact, diamond has already been used as a heat 

spreader for thermal management in laser diodes [5] and in light emitting diode 

packages [6, 7] due to its outstanding thermal conductivity.  

Additionally, diamond has long been studied [8] as one of the most effective 

optical and optoelectronic materials. Its unrivalled properties of wide transparency 

range (from ~220 nm to 2.5 m) [9], high thermal conductivity (2000 Wm−1K−1) [10] 

and large Raman gain coefficient (which is a function of 1/λ as discussed in Table 1-2 

Chapter 1, and is measured to be ~42 cm/GW at 532 nm [11], with previously reported 

values ranged between 20~75 cm/GW [8, 12]), along with recent advances in the 

growth of single crystal synthetic diamond [13] have led the material being one of the 

best choices to be used in Raman lasers [14].  

Raman lasers are based on stimulated Raman scattering which is a way of 

efficiently converting a pump laser beam with a certain wavelength to an output laser 

beam with another longer wavelength. A diamond Raman laser is attractive due to the 

diamond crystal having a high thermal conductivity which solves the thermal issues 

and a high Raman gain coefficient which means a shorter length of laser crystal needed 

and thus a more compact laser configuration can be achieved. Furthermore, diamond 

has a large Stokes shift to allow access to hard to reach wavelengths. Moreover, a 

diamond Raman laser can also be used to convert a low brightness source to a beam 

operating near the diffraction limit. In biomedical applications, for example, a laser 

that is compact and robust and converts widely available pulsed green output to the 

yellow-orange spectral region is highly desired [15] and this can be achieved via the 

capabilities of a diamond Raman laser. 
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4.2 Diamond Raman laser 

A diamond Raman laser is a special laser that converts a certain wavelength of 

input light to another longer wavelength of output using stimulated Raman scattering 

(SRS) in diamond to provide gain. When pumped with a laser source, the incident 

photons interact with vibrational modes in the diamond crystal. When a high enough 

photon flux is reached, i.e. when the threshold is exceeded, SRS leads to the incident 

photon with higher energy being converted into a lower-energy signal photon, and the 

difference of photon energies is carried away by a phonon (a quantum of the lattice 

vibrations). A schematic demonstrating the principle of Raman scattering is shown in 

Figure 4-1, where in this illustrative case, the Stokes shift is such as to convert the 

input green laser pump to a yellow Raman laser output. 

 

Figure 4-1: Mechanism of Raman scattering in a diamond Raman laser, (a wavelength shift 

from 532 nm to 573 nm is used here for illustration). 

SRS was first observed in natural diamonds in 1963 [16]. It was not until 2004 

that the SRS was observed in a 350 m thick polycrystalline diamond with a pulsed 

laser for the first time [17]. Intensive efforts have been put into research on diamond 

Raman lasers since then.  

Conventionally, diamond Raman lasers are composed of three parts: a pump laser 

(the input source of energy for the system), a diamond (the Raman gain medium which 

takes that energy and uses it to amplify light), and external mirrors used to form a laser 

resonator (oscillating the SRS light through the gain medium to build up the laser 

output) [12]. An example of such a diamond Raman laser is shown in Figure 4-2. 

Diamond Raman lasers with both high output power and continuous wave (CW) output 

have been reported. For example, 1.6 W output power was reported  using a CW laser 

[18] and 24.5 W output power was reported  using a pulsed laser [19]. Now over 100 

W output power has been reported [20]. Before 2008, SRS with diamond was mainly 
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achieved using such pulsed lasers. The first CW diamond Raman laser was reported 

by Lubeigt et al. with an output power of 200 mW [21]. Then a 1.6 W CW diamond 

Raman laser was reported [18] and a 5.1 W output CW diamond Raman laser was 

reported [14]. A 10.1 W output power CW diamond Raman laser was reported in [22] 

using an external resonant cavity, which to the best of our knowledge is the highest 

CW Raman output power reported so far with diamond.  

 

Figure 4-2: (a) A conventional picosecond pulsed diamond Raman laser and (b) a schematic 

of this laser [23]. 

However, in this work, by forming micro-lens structures onto the diamond 

surface and coating with dielectric mirrors, a simpler, more compact and robust 

monolithic diamond Raman laser has been achieved. This monolithic diamond Raman 

laser needs minimal alignment (mainly of the laser beam through the micro-lens) and 

has no further requirements of external mirrors [24]. The monolithic diamond Raman 

laser developed here and its schematic are shown in Figure 4-3 (a) and (b), respectively.  

Figure 4-3: (a) Demonstration of a monolithic diamond Raman laser based on the micro-lensed 

resonator using a pulsed 532 nm laser of 1.5 ns duration at a pump pulse energy of 1.5 J and 

(b) Schematic of the monolithic diamond Raman laser. 
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4.2.1 Diamond micro-lenses and micro-resonators  

To realise such a monolithic diamond Raman laser, the optimisation of the 

fabrication process for fabricating diamond micro-lenses is of critical importance since 

the Raman cavity mode is primarily defined by the micro-lens characteristics [24]. A 

large cavity mode, and hence a large ROC (>10 mm) micro-lens, as discussed in 

Section 4.2, is crucial to avoid high power laser-induced damage to the diamond and 

to the optical coatings deposited on the diamond surface.  

Diamond micro-lenses have attracted much attention in previous studies due to 

their performance e.g. as a laser cavity to stabilize laser oscillation [4] and as a solid 

immersion lens (SIL) to collect light [25, 26]. However, lens fabrication on diamonds 

is difficult due to the extreme hardness and chemical inertness of diamond itself. 

Research on diamond micro-lenses has accelerated during the last decade due to the 

development of synthetic diamond [27], which reduces the cost of diamonds for 

research and applications. Recently, the achievement of diamond micro-lenses with 

diameters from tens to hundreds of microns were reported by different groups using 

different fabrication techniques [28-31].  

The techniques for fabricating diamond micro-lenses are categorised into four 

main methods which are summarised as follows. The first method was developed by 

W. Nelissen et al. who used a laser-cutting technique and polished a 1 mm diameter 

diamond micro-lens with a RMS surface roughness of less than 30 nm from homo-

epitaxial CVD diamond [32]. This polished diamond micro-lens was used [33] as a 

SIL to increase the collection of single photons from colour centres, as described in 

Chapter 1. However, the diamond SIL is relatively large and the approach is not 

scalable for the diamond micro-lenses discussed here. The second method, proposed 

by J. P. Hadden et al., is to mill a diamond SIL by sequential concentric ring cuts with 

different diameters and gradient height increase using a focused ion beam (FIB) [34]. 

This method is potentially scalable with capabilities of aligning the lens with 

individual colour centres [35]. Similar FIB methods were used by Ronald Hanson et 

al. [36, 37]. However, the drawback of this FIB milling process is the relatively long 

time it takes. The third diamond lens fabrication method used a bottom-up CVD 

growth approach, as reported by E. Woerner [29]. By growing diamond onto structured 

substrates followed by a subsequent lift off process, freestanding diamond lenses are 
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formed. The limit of this method is that the grown diamond can only be polycrystalline 

which has a much lower quality than single crystal diamonds. The fourth method 

involves the use of PR thermal reflow and plasma etching. The lens pattern is first 

formed in reflowed PR due to surface tension and then plasma etching transfers the 

PR lens shapes into diamond [30, 31]. The micro-lenses made in this way, reported so 

far, have lens diameters ranging from 20 µm to 100 µm and a methodology involving 

single layer-PR thermal reflow [38] and pattern transfer by ICP etching was widely 

used. This approach yields simplicity, high reproducibility and high lens surface 

quality and is adapted for our micro-lens fabrication. However, to the best of our 

knowledge, the ROC of diamond micro-lenses fabricated using this methodology have 

so far been limited to below 10 mm [3, 28-31].  

In general, diamond micro-lenses are fabricated by single-layer PR thermal 

reflow [38] to form PR micro-lenses and then Ar/O2 ICP etching to transfer the PR 

structures into diamond [28]. However, to make diamond lenses with a large ROC, 

this method needed to be further developed. The difficulties of fabricating diamond 

micro-lenses with a large ROC are threefold. Firstly, the PR layer may have a non-

uniform thickness due to the “edge bead” effect during PR coating on a small sample 

surface [39]. Secondly, as discussed in more detail in Section 4.3 and Chapter 3, an 

edge bulge phenomenon occurs during thermal reflow when the applied PR is too thin. 

Finally, the conventionally used Ar/O2 plasma etching does not have the optimal etch 

selectivity (typical > 0.22 [42], and as compared in Table 2-2 and Table 2-3) for the 

transfer of shallow micro-lens patterns.  

In our work, a novel fabrication process was developed that enables the 

production of diamond micro-lenses with larger ROCs. This process uses an optimised 

thermal reflow of multiple-layer PR to achieve a large ROC micro-lens PR mask and 

then a low selectivity Ar/Cl2 ICP etching to transfer this micro-lens PR mask pattern 

into diamond. Profilometry and optical measurements have shown that the ROCs of 

the fabricated 400 m diameter diamond micro-lenses are around 13 mm and these 

micro-lenses on a single crystal CVD diamond have an RMS roughness of 0.18 nm on 

an area of 3×3 m2 of the micro-lens top surface. Such high quality diamond micro-

lenses have enabled us to achieve monolithic diamond Raman lasers with a high pump 

to output conversion efficiency.  
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4.3 Design of the diamond micro-lenses 

In a monolithic diamond Raman laser, two facets of a diamond sample, the front 

micro-lensed surface and the back planar surface, are coated with dielectric mirrors to 

form a monolithic resonator. These coatings can be damaged if the optical field 

intensity exceeds a certain threshold.  

 
Figure 4-4: Schematic of the resonator based on a diamond micro-lens illustrating the key 

parameters of: beam radius on the planar surface w, mode area πw2, resonator length L, lens 

diameter Ф and lens height h. Specifications of mirror coatings are: HT 532 nm, high 

transmission at 532 nm; HR 532/573 nm, high reflectivity at 532/573 nm; 30% OC 573 nm, 

30% output coupling at 573 nm. 

The peak intensity (Pmax) of a laser at the side of the plane mirror is determined 

by the mode area:     

𝑃𝑚𝑎𝑥 =
𝐸

𝛥𝜏×(𝜋𝑤2)
                  (4-1) 

where w represents the beam radius of the mode area (πw2), E denotes the pump pulse 

energy and Δτ is the pump pulse duration. These key parameters are illustrated in 

Figure 4-4. Hence, a large mode area is critical to enable higher pulse energies without 

damage. The beam radius w on the plane surface of the micro-lens resonator depends 

on the ROC of the micro-lens, the wavelength of the laser emission λ, the length of the 

diamond micro-lens resonator L and the refractive index of diamond n (~2.42)[3]: 

𝑤 = √𝐿×𝜆

𝑛×𝜋
× √

𝑅𝑂𝐶×𝑛

𝐿
− 1          (4-2) 
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From Equation (4-2) it can be seen that a large mode area can be achieved by 

fabricating micro-lenses with a large ROC. In particular, a micro-lens ROC larger than 

10 mm is critical if a micro-joule-class diamond Raman laser is required [24]. 

The ROC, as schematically shown in Figure 4-4, depends on the diameter Ф and 

height h of the micro-lens: 

 

Thus, to achieve the largest possible ROC, a large aspect ratio of diameter to height is 

needed. We targeted a diamond micro-lens of 400 m in diameter which was chosen 

as a trade-off between the fabrication challenges described here and the usage of the 

sample area. This choice allows us to fit an 8×8 array of micro-lenses on the 4×4 mm2 

area of the diamond sample. Therefore, the maximum ROC of the micro-lens is 

determined by the achievable minimum height h of the micro-lens. Thus, diamond 

micro-lenses as shallow as possible with a diameter of 400 m are desired. The 

following section 4.3 describes the fabrication process for such large ROC micro-

lenses.  

4.4 Fabrication of diamond micro-lenses with a large ROC 

The sample used in this work was a 2 mm thick (corresponding to resonator 

length L), 4×4 mm2 high purity single crystal CVD diamond from Element Six Ltd. 

The single crystal CVD diamond has a birefringence of <1x10-6. 

To fabricate a shallow micro-lens in diamond using thermal resist reflow and ICP 

etching, two aspects are crucial: 1). a shallow and uniform micro-lens PR mask and 

2). a low selectivity ICP etching to transfer the micro-lens PR mask to diamond. To 

fabricate a shallow and uniform micro-lens PR mask, there are two main issues. The 

first is the “edge bead effect” [39] which occurs when spin coating the PR on the 

surface of small samples (< 4 mm). This “edge bead effect” affects the uniformity of 

the spin coated PR and the control of the PR thickness. The second issue (described 

earlier) is the deformation of the PR pattern, namely the edge bulges, after reflow. This 

deformation happens due to insufficient surface tension especially when forming a big 

lens. The schematic of the diamond micro-lens fabrication process is illustrated in 

𝑅𝑂𝐶 =
Ф2+4ℎ2

8ℎ
       (4-3) 
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Figure 4-5. The challenges during the fabrication of each step and their solution will 

be discussed in detail in Section 4.4.1.  

 

Figure 4-5: Schematic of the fabrication process of diamond micro-lenses. 

4.4.1 Fabrication of large ROC PR micro-lens mask 

4.4.1.1 “Edge bead effect”  

The “edge bead effect” is a universal problem when spin coating PR on the 

surface of samples with small sizes (i.e. <5 mm; for samples with larger sizes the 

unwanted edge part can be cut off). During the PR spin coating, the centrifuge forces 

the PR to the edge of the sample surface. Under surface tension, the PR then forms a 

bead shape at the edge. A schematic of the “edge bead effect” and its influence is 

shown in Figure 4-6. Such an effect will degrade the uniformity of the PR layer and 

result in low pattern fidelity and compromise of the subsequent exposure and 

development process. This “edge bead effect” will become worse if a thick PR layer 

is used such as is the case here. The solution for this “edge bead effect” has been 

studied and different methods have been proposed. One is to jet PR dissolvable 

solutions (PR remover) at the edge of the sample [40]. This method has low 

controllability and needs extra complicated facilities. Another is using a different PR 

deposition technique other than spin coating, e.g. using a PR inkjet printing method as 

previously reported by Yanfeng Zhang et al. in our group [41]. However, only certain 

PR types (S1805 series from Shipley Ltd. in previous reports) can be used and limited 

PR patterns can be printed by this method and thus it is not suitable for our lens pattern 

fabrication. Here, a new method to solve this “edge bead effect” is developed with 
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very few extra steps involved. This method can be widely used to solve the issues of 

developing patterns on the small sample surface using lithography methods.  

 

Figure 4-6: Schematic of the "edge bead effect": (a) PR bead formed at edge of the diamond 

sample after spin coating due to surface tension; (b) and (c) demonstrate the “edge bead effect” 

during lithography by comparing spin coated PR without and with “edge bead effect”. 

 

Figure 4-7: Schematic of the fabrication process of the optical adhesive holder. 

To minimise the “edge bead effect”, we developed a UV curable polymer holder, 

which was made of Norland 81. A schematic of the developing progress of this UV 
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curable optical adhesive holder is shown in Figure 4-7. The process to create this 

holder is as follows. The diamond sample was first sandwiched between two glass 

slides, the surfaces of which were pre-coated with a thin layer of wax or primer. The 

purpose of the wax or primer was to aid the lift-off process from these glass slides. 

Then the sandwiched diamond sample was surrounded by the optical adhesive Norland 

81. After a while, this liquid optical adhesive flowed and spread out to cover the 

diamond sample from the four sidewalls. The optical adhesive was then UV-cured to 

form the holder. By removing the glass slides (heating on a hotplate to melt the wax 

on the glass slides and sinking in acetone to dissolve the wax or primer), the holder 

was disengaged from the glass slides and a free-standing holder with the diamond 

embedded was obtained. This holder effectively extended the boundaries of the 

diamond and shifted the edge bead from the edge of the diamond to the holder. The 

edge bead on the holder was then cleaned using a cleanroom swab. This process is to 

ensure that the exposure process will not be affected by the edge bead when the 

photolithography mask approaches the PR layer. After removal of the edge bead, PR 

patterns developed on the diamond sample surface had a uniform pattern thickness 

using a standard lithography process. This optical adhesive holder can be removed 

after the ICP etching step by using an acid mixture of H2SO4:H2O2 with a ratio of 3:1 

(piranha clean) within several minutes.  

  
Figure 4-8: A plan view micrograph under the microscope demonstrating a uniform PR 

coating at the interface of the diamond and the holder. 

400 m 
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As illustrated in Figure 4-7, such an optical adhesive holder is easy to fabricate 

(within 10 mins). The holder fabricated can be repeatedly used in a standard 

lithography process and was applied to the diamond micro-lens fabrication. Shipley 

220 7.0 positive PR was spin coated with an optimised spin speed of 3400 rpm. Figure 

4-8 shows the magnified image of the corner of diamond-holder sample after PR spin-

coating. An even layer of PR across the border of the diamond and the holder surfaces 

can be clearly seen in Figure 4-8. 

A Dektak surface profilometer was used to characterise the profiles of the spin 

coated PR, and a comparison between the spin coated PR profiles at the borders of the 

diamond surface without and with the holder is shown in Figure 4-9. The 

corresponding optical image of the surfaces of two PR spin-coated diamond samples 

is shown as an inset in Figure 4-9. It can be seen that the use of the holder greatly 

improves the uniformity of the spin coated PR layer and thus enlarges the usable area 

of the diamond sample surface  

 

4.4.1.2 “Edge bulge effect” 

During our experiments, edge bulges occurred when PR patterns were reflowed 

as has been discussed systematically in Chapter 3. It is found that at a certain reflow 

temperature, there is a minimum PR thickness above which the reflowed PR will form 

the desired micro-lens shape. It is desirable to fabricate micro-lenses using a PR layer 

close to the minimum thickness since this minimum thickness allows the minimum h 

0 150 300 450 600 750 900 1050 1200

-4
-3
-2
-1
0
1
2
3
4
5
6
7
8
9

10

4 mm

(II)(I)

Profile of 
edge bead

Profile without 
edge bead

holder

 (II) with holder

 

 

H
ei

g
h

t 
(

m
)

Distance (m)

 (I) without holder

 

Figure 4-9: Measured profiles of the spin coated PR on surface of two diamond samples with 

and without a holder, demonstrating the effective removal of the edge bead. Inset is a plan view 

photograph of the surfaces of the PR spin coated diamond samples.  
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of the reflowed PR micro-lens, and hence the largest possible ROC at a certain 

diameter as expressed in Equation (4-3), Section 4.2. Based on the study in Chapter 3, 

an optimised PR thickness of 11.5 m, which is close to the minimum thickness at a 

reflow temperature of 135 oC, is used to provide a high uniformity and pattern fidelity 

of the lithographically-defined PR patterns. It is not possible to achieve such a PR 

thickness by spin coating only a single Shipley 220 7.0 PR layer and therefore a 

double-layer deposition was employed which gave a PR thickness of 14 m under 

standard 3000 rpm spin speed. After pattern exposure/development and 3-minute 

reflow of the PR patterns on a hotplate under 135 oC, a uniform array of PR micro-

lenses was formed on the surface of the diamond sample. The resulting PR micro-lens 

had an ROC as large as 1.3 mm. Figure 4-10 shows the achieved PR micro-lens array 

on the diamond with a high uniformity and pattern fidelity. The PR micro-lenses were 

then transferred into diamond using an ICP etching via a multiplex ICP etch tool (SPTS 

Technologies Ltd.). 

Figure 4-10: Achieved PR micro-lens array on the diamond surface with a high uniformity and 

pattern fidelity (stitched from multiple plan view images taken under the microscope with the 

same magnification). 

400 m 
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4.4.2 Fabrication of large ROC diamond micro-lenses 

ICP etching of diamond is conventionally performed using Ar/O2 plasma as listed 

in Table 2-3, Chapter 2. However, the selectivity of this Ar/O2 etch recipe, which is 

defined as the ratio of the etch rate of diamond to the etch rate of PR, is higher than 

0.22 [29]. This selectivity limits the ROC of transferred diamond micro-lenses to less 

than 9 mm. Thus, an etch recipe with a lower selectivity is needed.  

 
Figure 4-11: Plan view images of etched PR micro-lenses on diamond with different etching 

(b) PR on diamond before etching 

(c) After etching for 5 mins 

(e) After etching for 20 mins  

(d) After etching for 15 mins 

(f) After etching for 25 mins  

(a) Long-time plasma etching after 25 mins 

400 m  
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methods and etching durations: (a) long time plasma etching after 25 mins and (b)-(f) five-

step etching with 5 mins duration of each step, the scales of each image are the same as shown 

in (a) and the inset.   

The chlorine-based diamond ICP etching chemistry developed by our group has 

a selectivity of 0.1, half that of the conventional Ar/O2 etching under the same ICP 

conditions [42]. Transferring the micro-lens PR mask to diamond is therefore 

performed using ICP etching with an Ar/Cl2 plasma. This enables a shallower etched 

structure and therefore a larger ROC of the resulting diamond micro-lens. The etch 

recipe as listed in Table 2-2 in Chapter 2 was used for the diamond etching. This recipe 

yields a diamond etch rate of 75 nm/min. The full transfer process of the PR pattern to 

diamond takes around 25 mins in total. 

It is worth pointing out that a PR burning phenomenon was noticed which is due 

to excessive plasma etching induced overheating. The burned PR had a rough surface 

and this rough PR surface could be transferred to diamond during the subsequent 

plasma etching. It resulted in an unexpected rough diamond surface as shown in Figure 

4-11 (a) and the magnified image inset. A multiple-step etching strategy was adapted 

to avoid this issue and 5 mins duration for each step was used which takes up to five 

etching steps in total as shown in Figure 4-11 (b)-(f). This strategy efficiently solved 

the PR burning issue and had a smooth etched surface as discussed in Section 4.4. 

4.5 Results and discussion 

4.5.1 Diamond micro-lenses 

A diamond micro-lens array was etched onto one side of a 4×4 mm2 by 2 mm 

thick single crystal diamond using the method described above. The fabricated 

diamond micro-lenses were characterised and then applied in a monolithic diamond 

Raman laser. Optical images of the fabricated large ROC diamond micro-lenses are 

shown in Figure 4-12.   

The heights of these micro-lenses were measured to be 1.7 m or less using a 

Dektak surface profilometer. Figure 4-13 (a) shows the measured profiles of three 

adjacent micro-lenses indicated by the black dotted arrow in Figure 4-12. These 

measured profiles have a uniform height and the ROCs of these micro-lenses is 

calculated to be 12 mm using Equation (4-3). Fitting with a semi-circle equation as 
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shown in Figure 4-13 (a) yields slightly larger ROCs of 13 mm or more. For this fit, 

only data points close to the centre of the micro-lenses were taken into account. This 

restriction of the fit region was made because the lens profiles deviate from a spherical 

shape at the bottom of the profiles. Since the laser mode is confined to a region close 

to the centre of the micro-lens, the ROC value obtained from this fit is more relevant 

than the one obtained by Equation (4-3). The deviation from the spherical shape results 

from the original high aspect ratio PR micro-lens and the subsequent low selectivity 

etching process and is not thought to influence the laser operation. 

 

 

(a) (b) 

Figure 4-13: (a) Measured and fitted profiles of a column of fabricated diamond micro-

lenses as shown in Figure 4-12 along the black dotted arrow and (b) focal length 

measurement of a representative diamond micro-lens fabricated with a height of 1.7 m or 

less, distance being measured in reference to the place where diamond is located. 

For further characterisation, the focal length of a representative diamond micro-

lens was measured optically. The collimated beam from a He-Ne laser was passed 

through the micro-lens and the beam diameters were measured, as a function of 

position in reference to the place where the diamond lens was located, along the 

 
Figure 4-12: Optical images of fabricated diamond micro-lenses with large ROCs. 

4 mm

400 m
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principal axis using the knife-edge technique [43]. The measurement yielded a focal 

length of 9.5±0.5 mm as shown in Figure 4-13 (b). The ROC was then calculated using 

the thin lens approximation: 

𝑅𝑂𝐶 ≅ (𝑛 − 1) × 𝑓       (4-4) 

where n is the refractive index of the diamond (2.42) and f is the focal length. The 

ROC calculated from Equation (4-4) is 13.5 mm, which is consistent with the values 

obtained from the profile measurement.  

 
Figure 4-14: Characterisation of surface roughness of fabricated diamond micro-lenses: (a) 

image of the diamond micro-lens with AFM measured areas indicated by red, blue and green 

dashed squares, respectively; (b) measured RMS roughness at the top of the micro-lens, 

corresponding to the red-dashed square labelled area in (a); (c) measured RMS roughness at 

the bottom of the micro-lens, corresponding to the blue-dashed square labelled area in (a) and 

(d) measured RMS roughness at the gap between micro-lenses, corresponding to the green-

dashed square labelled area in (a). 
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Atomic force microscopy (AFM) measurement shows that the diamond micro-

lenses have a RMS roughness of around 0.18 nm on an area of 3×3 m2
. The 

measurements were taken on areas of the lens top (red dotted square), lens bottom (blue 

dotted square) and the gap between two micro-lenses (green dotted square) as shown 

in Figure 4-14 (a). All AFM measurements taken at different areas demonstrated a 

consistent RMS roughness of etched diamond micro-lens surface as shown in Figure 

4-14. The obtained micro-lens roughness value was comparable to the value reported 

by Lee et al. [42] and the work reported by M. Karlsson et al. [30].  

 

Figure 4-15: (a) RMS roughness of Ar/Cl2 plasma etched diamond surface as a function of 

etch durations and corresponding measured surfaces taken at (b) surface of the as-received 

diamond sample and (c) surface after plasma etching for 10 mins. 

The as-received diamond surface was measured to have a RMS roughness of 

around 1 nm. In order to determine the influence of the etching on the diamond surface, 

the RMS roughness of the etched diamond surfaces was measured as a function of the 

etch duration as shown in Figure 4-15 (a). It can be seen that the measured roughness 

was reduced from 1 nm, as received, to less than 0.2 nm after 10 minutes etching. This 

result is consistent with the “surface smoothing effect” of Ar/Cl2 plasma etching 

reported by Lee et al. [42]. It is worth pointing out that the polishing marks on the as-

received diamond surface, which are groove-like features as shown in the Figure 4-15 

(b), have been removed after the Ar/Cl2 etching as shown in Figure 4-15 (c). This 
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removal of the polishing-mark contributes to the smoother surface and smaller RMS 

surface roughness value after etching. Such a smooth surface is important for the 

following mirror coating step so as to form a high quality laser resonator. 

4.5.2 Micro-lensed monolithic diamond Raman lasers 

By depositing the appropriate mirrors on both sides of the lensed diamond, a 

monolithic diamond Raman laser was achieved. The diamond resonators were pumped 

with an Elforlight SPOT laser emitting Q-switched pulses at 532 nm with pulse 

durations of 1.5 ns and pulse repetition rates of 10 kHz. 

 

The pump was attenuated using a combination of a half wave-plate and a 

polarizing cube. It was then focused using a 50 mm focal length lens and through a 

single micro-lens onto the back surface of the diamond. This resulted in a pump spot 

radius of 9 µm. The micro-lens cavity had a fundamental mode radius of 24 µm as 

calculated using Equation (4-2). The pump light propagated along a <110> direction 

and was polarized along a <100> direction in the diamond. An image of the resulting 

compact and robust monolithic diamond Raman laser in operation is shown in Figure 

4-16. 

A Raman conversion of the green pump at 532 nm to the yellow at 573 nm 

occurred when the pump pulse energy reached 1.5 μJ. Figure 4-17 demonstrates the 

generated Raman output spectrum with 1st, 2nd and 3rd Raman Stokes wavelengths 

presented. Due to the limit of a resolution of 0.13nm, sub-structures in the peaks were 

unable to be resolved. 

Pump laser 

at 532nm 

Micro-lensed diamond 

monolithic Raman laser 

Output laser 

at 573nm 

2 cm 

Figure 4-16: Demonstration of the monolithic diamond Raman laser based on the micro-lens 

resonator using a pulsed laser of 1.5 ns duration at a pump pulse energy of 1.5 J. 
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The converted energy of the 1st, 2nd and 3rd Stokes orders together with the 

combined Raman output was measured as shown in Figure 4-18 (a). A pump to 

combined Raman conversion efficiency (the ratio between the energy output and the 

input) was measured as shown in Figure 4-18 (b). The pump to combined Raman 

conversion efficiency was measured to be as high as 84% at the maximum pump pulse 

energy of 16 μJ.  

 

  

Figure 4-18: (a) Energy transfer characteristics for the 1st (green squares), 2nd (blue 

triangles), and 3rd Stokes orders (red circles) and the combined Raman output (inverted 

black triangles) of the micro-lensed monolithic diamond Raman laser and (b) the conversion 

efficiency from pump to combined Raman. 
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Figure 4-17: Typical generated Raman shift spectrum with 1st and 2nd Stokes wavelengths 

being presented. 
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The maximum average powers of the combined Raman outputs were measured 

to be 134 mW. This result is comparable to a conventional diamond Raman laser 

pumped at this energy level. The detailed laser characterisation and performance was 

reported in [24]. 

At a pulse duration of ~1.2 ns at the low pump powers was measured as shown 

in Figure 4-19 (a). Only the 1st Stokes is above threshold at this pump. At maximum 

pump power however, the 1st Stokes pulse duration was measured to be 3.2ns as 

shown in Figure 4-19 (b). The 1st Stokes pulse at high pump power is longer than 

expected. A measurement is taken of the depleted pump with a FWHM of 2.4ns, which 

might be the reason of this longer 1st Stokes pulse at high pump power [24]. 
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Figure 4-19: 1st Stokes pulses at 573nm (a) below threshold of 2nd Stokes and (b) at maximum 

pump power with both 2nd and 3rd Stokes oscillating. 

As diamond is transparent over a larger range of wavelengths, by depositing the 

appropriate mirror coatings on the facets of the micro-lensed resonator, and using 

different pump lasers, it should be possible to operate such monolithic diamond Raman 

lasers over a wide wavelength range. The large ROC diamond micro-lenses fabricated 

here may also be used for application in higher power monolithic semiconductor disk 

lasers [3]. The technique developed in this work can further be used to fabricate 

diamond micro-lenses with even larger ROCs with a bigger lens diameter than the ones 

reported here. Moreover, this technique might also find use in developing other 

diamond components such as solid immersion lenses for photon collection [34, 44] 

and aspheric lenses.  
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4.6 Conclusion 

In this chapter, the fabrication of diamond micro-lenses with large ROCs using 

PR thermal reflow and ICP etching was discussed. This is done by using a novel 

diamond micro-lens fabrication process. This fabrication process includes the 

development of an optical adhesive holder which is used to solve the “edge bead 

effect” during PR spin coating and control of the PR pattern reflow to form a micro-

lens PR mask at its largest possible ROC with diameter of 400 m and the final transfer 

of PR micro-lens mask to diamond to form diamond micro-lenses with large ROC 

using a low selectivity diamond etching recipe-the Ar/Cl2 plasma etching. Diamond 

micro-lenses with large ROCs of 13 mm or more were achieved as a result. The ROCs 

of these diamond micro-lenses were measured and confirmed by profilometry and 

optical measurements. These diamond micro-lenses have a very smooth surface of 

0.18 nm root-mean-square roughness. By mirror coating these diamond micro-lenses, 

a resonator is formed which enables compact and robust monolithic diamond Raman 

lasers with high conversion efficiency.  
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Chapter 5  Diamond membranes and their 

applications to quantum information processing  

In this chapter, the development of large area, high purity, single crystal diamond 

membranes with submicron thickness is introduced. The diamond membranes are 

critical components for open optical cavity coupling in applications to scalable 

quantum information processing. The NV colour centre in the diamond membrane, its 

application to cavity-coupling in quantum technologies and a review of the diamond 

membrane fabrication are introduced in Section 5.1. The challenges of the 

development of large area, ultrathin diamond membranes and the details of the process 

development are discussed in Section 5.2. Characterisation of the diamond membranes 

in terms of their thickness and surface quality are described in Section 5.3. A 

discussion of the NV emission in the diamond membrane applied to optical cavity 

coupling is presented in Section 5.4. Some other potential implementations of diamond 

membranes are described at the end of Section 5.4. A conclusion of the work shown 

in this chapter is then given in Section 5.5. 

5.1 Introduction 

Diamond membranes and platelets are currently in high demand [1]. They can be 

used for X-ray windows [2], radiation detection [3, 4], and micro-electric-mechanical-

system/nano-electric-mechanical-system (MEMS/NEMS) [5], for example. 

Additionally, they are required for the development of high quality optical and 

photonic devices [6]. Micro/nano photonic devices such as nano-beam cavities[7], 

nanopillar waveguides [8] or ring resonators [9] have been fabricated based on 

diamond membranes. In particular, submicron thick high quality, large area, free-

standing single crystal diamond membranes with colour centres in them, e.g. NV 

centres, could be used to provide single photon sources for quantum technologies such 

as quantum communication [10], quantum cryptography [11], quantum sensing [12] 

and quantum computation [13].  

Quantum computation, which utilises quantum bits (qubits) as the basic 

information elements instead of the electronic bits used in conventional computers, 

offers much to physics and computer science in the 21th century. There are several 
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protocols that are promising to realise quantum computation in reality: ion traps, 

nuclear magnetic resonance (NMR), optical photons and optical cavity quantum 

electrodynamics (cavity-QED) [14]. 

5.1.1 Cavity-coupled NV in diamond membrane 

Cavity-QED describes how atoms and light interact in cavities and is one of the 

most promising ways to realise quantum computation using qubits of cavity-coupled 

atoms. Cavity-QED has been the focus of much research in the last decade. However, 

to realise quantum computation using cavity-QED, single atoms and single photons 

are necessary. In particular, single atoms with quantum states that can be initialised, 

manipulated and subsequently readout are essential [14]. For such a single ‘atom’ and 

single photon system, the diamond NV centre is a promising candidate to realise 

cavity-QED as has been introduced in Chapter 1. 

To harness the full potential of the NV centre in diamond for emerging quantum 

technologies requires both stronger ‘atom’-photon interaction and enhanced emission 

from these centres at the zero phonon line (ZPL). Cavity coupling the NV centre 

emission offers an ideal solution for the above requirements.  

The behaviour of cavity-coupled ‘atom’-photon interactions is described by 

cavity-QED. When matched to a cavity with the appropriate cavity mode, both the 

interaction between the NV centre and the emitted photons and the spontaneous 

emission rate from the ZPL can be enhanced within the resonant cavity. This is because 

in an optical cavity, only optical waves with particular wavelengths that satisfy the 

relation in Equation (5-1) can resonate. If the ZPL emission wavelength is in-

resonance, the interference between photons at the mirrors is constructive. Thus, the 

ZPL emission is preserved and enhanced in the cavity. The emissions at other 

wavelengths, however, interfere destructively at the mirror and thus are suppressed. 

The requirement for cavity-enhanced emission is expressed as:  

𝐿𝑐𝑎𝑣 =
𝑚𝜆

2𝑛
                                   (5 − 1) 

where Lcav denotes the cavity length and m denotes an integer number, λ denotes the 

wavelength in vacuum and n denotes the refractive index of the medium in the cavity.  
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To quantify the enhancement effect of spontaneous emission from the atom-

photon interaction in the cavity, the Purcell factor is used. In a cavity, the atom is first 

stimulated by an external source such as a pulsed laser. Then the atom emits photons 

in the way described in Chapter 1. The emitted photons are bounced back and forwards 

inside the cavity until absorbed by the atom again or coupled out from the cavity. This 

atom-photon interaction is enhanced if the coupling strength (g) is larger than the 

losses from both the coupling out loss rate κ and the non-resonant decay rate γ as 

shown in Figure 5-1. The spontaneous emission rate from the atom is enhanced when 

the emission matches the resonance mode and the dipoles are orientated along the field 

direction. This phenomenon is called the Purcell effect. To quantify the enhanced 

spontaneous emission, the following Equation applies: 

𝐹𝑝 =
𝑔2

𝛾𝜅
=

3𝑄 (
𝜆
𝑛)

3

4𝜋2𝑉0
> 1                       (5 − 2)          

where Fp denotes the Purcell factor, Q denotes the quality factor (see discussion on 

page 122), and V0 denotes the cavity volume. The reference [23] presents the detail of 

how this Purcell equation is derived.  

 

Figure 5-1: Schematic of cavity-quantum electrodynamics [25]. 

The benefits of coupling the diamond NV centres in the cavity are threefold: 1). 

the interactions between the NV centres and the photons are enhanced; 2). the 

spontaneous emission rate of the NV centre at the ZPL is enhanced; and 3). the lifetime 

of the NV centre is shortened so that the NV can emit photons at a higher rate. This 

paves the way for efficient use of the qubits that come from these atoms and photons 

in QIP.  

Different schemes have been proposed so far to cavity-couple the NV centre in 

order to enhance the emission [9, 26-29]. Among these schemes, an “open” optical 
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cavity-coupling of the NV centre that offers flexible tuning of the cavity mode to be 

resonant with the NV emission to enhance the emission in the ZPL is promising [30, 

31]. Compared to other methods of cavity tuning, this open optical cavity approach 

offers more flexible tuning of the cavity resonance mode via controlling the distance 

between the two mirrors with piezo actuators. This open optical cavity can be 

accurately tuned to match the resonant wavelength with the NV centre ZPL without 

degrading the cavity quality.  

To optimise the coupling in the open optical cavity, two basic conditions should 

be satisfied: the cavity needs to have a high quality factor (Q-factor) and the cavity 

volume should be as low as possible. The quality factor of a cavity is determined by 

the loss of the dielectric cavity mirrors when the photons are reflected by these mirrors. 

The cavity volume is decided by the ROC as well as the distance between the cavity 

mirrors.  

NV centre (in nano-diamonds) coupling was demonstrated recently using this 

open optical cavity approach. In this cavity, the ROC and the distance between the 

cavity mirrors were 7.6 m and 1.11 m, respectively, providing a cavity volume of 

1.24 m3. The results show that the broad sideband emissions of the NV centre were 

suppressed while the spontaneous emission from the ZPL was enhanced by a factor of 

6.25 in resonance with the cavity.  

Nevertheless, due to the poor controllability of the NV centres in nano-diamonds, 

single crystal diamond membranes that contain single NV centres are highly desired 

for cavity-enhanced emission. Especially, the NV centres can be created at particular 

positions in diamond membranes by ion implantation, a feature which is essential for 

networked QIP. To couple NV emissions from a diamond membrane into the open 

optical cavity, the diamond membrane located between the two cavity mirrors needs 

to be as thin as possible so as to achieve a cavity with a small volume. Our work to 

develop the ultrathin (thickness < 1 micron) single crystal diamond membranes for 

QIP applications is described in this chapter. The open optical cavity used to enhance 

NV centre emissions from the diamond membrane is shown in Figure 5-2. This open 

cavity consists of a planar mirror and a curved mirror to form the cavity as depicted in 

Figure 5-2 (a). A diamond membrane with NV centres is placed on top of the planar 

mirror. An SEM image of the curved concave mirrors is shown in Figure 5-2 (b).  
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Figure 5-2: (a) Schematic of the open-optical mirror cavity with coupled NV centres in the 

diamond membrane and (b) an SEM of the curved mirror cavity fabricated using focused ion 

beam (FIB) milling. Images courtesy: Photonic Nanomaterials Group, University of Oxford 

[30]. 

Thus, an ultrathin high purity diamond membrane is highly desired to achieve 

cavity-enhanced emissions. Additionally, a diamond membrane having a submicron 

thickness offers NV centre emission with narrower linewidth and longer electron spin 

coherence time compared to NV centre emissions from nano-diamonds [30]. 

Furthermore, diamond membranes with individual NV centres implanted in 

predetermined positions [32] could serve as critical components for networked 

quantum computation.  

5.1.2 Review of diamond membrane fabrication 

To apply the diamond membrane to open optical cavity-QED, fabricating large 

size single crystal diamond membranes without damages or cracks is critical [33]. 

There are some commercially available thin diamond platelets (e.g. Element Six, Ltd) 

[34], however, these diamond platelets are too “thick” (> 30  m) for cavity 

applications.  

There are several ways of fabricating high purity single crystal diamond 

membranes. The fabrication methods can be generally classified into two categories: 

the “bottom-up” method and the “top-down” method. The “bottom-up” methods used 

homoepitaxial growth of diamond on top of a single crystal diamond substrate [35, 36]. 
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This method, however, needs an etching process to remove the rough surface from the 

backside of the as-grown diamond facet [36].  

The “top-down” method thins down a thicker e.g. 20 m, diamond platelet to 

achieve the membrane. Several strategies and techniques have been developed in this 

category including ion implantation [1, 37], FIB milling [38-40], laser cutting [41] and 

template polishing [42]. However, diamond sample swelling or damage may occur 

during these processes [43].  

Diamond thinning by using RIE or ICP etching was found to be an effective 

method with the least damage to the diamond sample and thus the least influence on 

the colour centres [44]. Several diamond structures including nano-wires, photonic 

crystals, circular gratings, nano-waveguides and integrated diamond circuit have been 

developed based on this etching method [45-49]. It is worth noting that a combination 

of the δ-doping and RIE etching method to create NV centres in diamond photonic 

crystal cavities has been demonstrated recently [50]. Nevertheless, fabrication of large 

size (> 2 mm) freestanding diamond membranes with thickness below 1 m without 

cracking or damage has not yet been reported and the handling of ultrathin diamond 

membranes is still a challenge.  

In this work, the fabrication technique of such diamond membranes was 

developed and large size (Ф ~ 3 mm), damage-free, ultrathin diamond membranes 

(thicknesses ranged from 250 nm to 1 m) were achieved. The details of the 

fabrication methods will be discussed in Section 5.2. After the fabrication, diamond 

membranes were transferred to distributed Bragg reflection (DBR) mirrors for further 

characterisation, which will be discussed in Section 5.3. 

5.2  Fabrication of large area ultrathin diamond membranes  

To fabricate ultrathin high quality diamond membranes for QIP, the challenges 

are threefold:  

1). To handle the diamond membranes without breaking them. The fabricated 

diamond membrane needs to be manipulated and placed onto a mirror with good 

conditions for cavity applications. However, the normal handling using tweezers has 

the risk of breaking diamond membranes due to the contact force.  
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2). To characterise and control the membrane thickness with high precision. The 

final diamond membrane thickness is controlled by the etch duration. Due to the 

typical existence of a wedge, over-etching will etch away part of the diamond 

membrane and under-etching will make the membrane too thick for cavity applications. 

Additionally, the information of the membrane morphology is also important for cavity 

applications. However, since the submicron thick membrane is so fragile, the 

conventional contact characterisation methods for thickness and surface morphology 

measurements such as using a Dektak profilometer might break the membrane due to 

contact force. Moreover, the Dektak is only able to scan 1D line each time across the 

sample which makes the thickness and profile measurements time-consuming. Thus, 

a more efficient noncontact measuring method is preferred.  

3). To maintain and even improve the diamond surface quality since the surface 

defects, contamination and roughness will influence the NV emission and detection. 

Thus, a proper and optimised fabrication process is necessary. These challenges will 

be revisited separately in the following sections. In this work, the diamond membrane 

was fabricated from a single crystal diamond platelet produced by Element Six Ltd 

(initial thickness ~20 m). The diamond platelet is a type II a (nitrogen density <1 

ppm), (110) oriented natural diamond with a diameter of 3 mm. The process flow used 

to fabricate the large area diamond membrane is shown in Figure 5-3. 

Figure 5-3: Schematic of the fabrication flow for the diamond membrane. 

In this method, the diamond platelet was first capillary-bonded onto a polished 

4’’ supporting silicon (Si) wafer, then thinned down to 2~3 m by ICP deep etching. 

Then the thin diamond was detached, cleaned, flipped and re-bonded on a new Si wafer. 

The cleaning process was used to remove the etch residues. The processes of diamond 

flipping, re-bonding and the subsequent etching were necessary for removing the 
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polish marks and improving the surface quality on the other side of the diamond. Re-

bonding the thin diamond onto a new Si wafer is necessary for the measurement of the 

diamond thickness on a flat surface using Dektak surface profiler. The diamond 

thickness was carefully measured which indicates the etch duration for the further 

etching process. After re-bonding, additional etching was carried out to etch the 

diamond to the targeted thickness. Then, the diamond membrane with the desired 

thickness was detached from the Si wafer and transferred to a DBR mirror with 10 

periods of alternating λ/4 layers of TiO2 and SiO2. The DBR mirrors used have a 

reflectivity higher than 99.8%. The following sections will give more details on some 

of these procedures.  

Sample preparation 

The diamond platelets were first cleaned with Piranha acid (H2SO4: H2O2= 3:1) 

at 80 oC for 30 mins. The volume of the acids was measured separately with two 100 

ml glass beakers. 60 ml 96% sulphuric acid and 20 ml 30% aqueous hydrogen peroxide 

solutions, were measured first and then mixed in a 100 ml polytetrafluoroethylene 

(PTFE) heatable beaker: the 30% hydrogen peroxide is first poured into the heatable 

beaker and the 60 ml 96% sulphuric acid is added little by little. Since adding sulphuric 

acid to hydrogen peroxide solutions generates considerable heat, the acid mixing must 

be done slowly, with continuous stirring using a dry glass alcohol thermometer, to 

avoid local boiling of the mixture. Since the acids are corrosive, one should operate by 

wearing personal protective equipment including eye goggles, face shield and gloves 

during the process. The acid mixing process is done in the PTFE beaker as the 

temperatures generated during mixing may shatter a glass beaker due to thermal shock 

or melt a plastic one. The unused acids and mixture are disposed of by pouring the 

them into a tank containing a large volume of water, followed by flushing with excess 

water. At the end, all work areas and protective equipment are rinsed and wiped dry.  

After cleaning, the diamond samples were picked up, transferred and capillary-

bonded to a new 4” Si carrier wafer through the van der Waals force. It is worth 

pointing out that the freshly cleaned diamond samples have the strongest adhesion and 

thus the bonding process must be done as soon as possible. The cleaning process is 

highly important since it helps to remove any organic contaminants on the sample 
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surface. The diamond sample surface must be kept clean since any contaminant will 

act as an etch mask during diamond etching.  

Diamond thinning down by ICP etching 

For the diamond thinning process, Ar/Cl2 ICP etching was used which generates 

a better etched surface after the deep etching process. The etch recipe was the same as 

stated in Chapter 2. Before the diamond thinning, a chamber clean using O2 plasma 

was conducted for 30 mins. This process helps to remove the deposited contaminants 

on the sidewalls of the ICP machine from other etching processes. Additionally, the 

carrier wafer should be cleaned before loading to the chamber. The contaminant may 

form micro-masks during the diamond etching. After the diamond sample was loaded 

into the chamber, it was etched for 4 hrs in total. The average etch rate during the 

etching was 65 nm/min.  

 
Figure 5-4: Thickness of the diamond platelet (a) before thinning and (b) after thinning. The 

insets are the corresponding optical images of the diamond sample taken under a 

microscope, the arrows indicated the scan-routines of the Dektak profiler. 

As mentioned above, the diamond platelet was first thinned down to a thickness 

of 2~3 m. A diamond membrane with such thickness is relatively easier to handle. 

The thinned diamond membranes were then transferred to another Si wafer or a DBR 

mirror for further etching. Before this etching, however, the diamond membrane was 

measured with a Dektak to confirm the thickness. A thickness comparison before and 
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after the thinning process is shown in Figure 5-4 where Figure 5-4 (a) is the initial 

thickness of the diamond platelet before etching and (b) shows the thickness after 

etching. The corresponding diamond optical images are shown as insets. As shown in 

Figure 5-4, the average thickness of the wedged diamond platelet before etching is 

around 18 m and the thinned diamond membrane has a thickness of around 2.5 m. 

This thinned diamond membrane was then de-bonded from the Si wafer using a DI 

water floating method.  

Diamond membrane floating 

To address the challenge of handling very thin diamond membranes, the 

procedure described below was used. After thining, the diamond membrane is usually 

bonded firmly to the Si wafer. To detach the membrane from the Si wafer, a plastic 

transfer pipette was used to gently flush the membrane with DI water. Then, the 

diamond membrane would be detached and floated on the surface of the Si wafer. A 

schematic and a picture of the floated diamond membrane are shown in Figure 5-5 (a) 

and (b), respectively. Sometimes, the diamond membrane was too firmly bonded and 

was not able to be separated by DI water. In this case, one may try to use a small 

amount of the Piranha acid instead of the DI water to separate the diamond membrane. 

This process should be carried out in a large glass Petri dish which prevents the 

diamond membrane from breaking. 

Figure 5-5: (a) Schematic of the floated diamond membrane on a Si wafer using DI water 

and (b) a picture of the floated diamond membrane on a Si wafer. 

Diamond transfer 

To transfer to the second Si substrate or a DBR mirror, the diamond membrane 

was “picked” and “placed” using a clean room wipe. This is preferable to tweezers to 

avoid breaking the membrane. To pick up the membrane, the wipe is soaked with DI 
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water or IPA. A photograph of the diamond membrane stuck to the wipe at the edge is 

shown in Figure 5-6 (a) (the picture was taken using a square diamond sample for 

illustration purposes). The thinned diamond membrane was then transferred to the 

targeted substrate for further processing. A photograph of the transferred diamond 

membrane sitting on a solvent cleaned Si substrate is shown in Figure 5-6 (b). 

Figure 5-6: Diamond membrane transfer process: (a) a picture demonstrating “pick-up” of 

the diamond sample using the corner of a cleanroom wipe and (b) a picture of the diamond 

membrane placed on a solvent-cleaned Si substrate. 

Final etching 

After transfer, it is necessary to measure the membrane thickness. The measured 

thickness profile of the diamond membrane is shown by the red curve in Figure 5-4. 

Further etching of the diamond membrane could be continued after this measurement. 

The final etching and handling at this stage needs to be carried out with extreme care 

and the diamond etch rate using ICP Ar/Cl2 plasma must be calibrated as precisely as 

possible. The calibrated etch rate was used to set the final etch duration. Once the 

diamond was etched to an average thickness of less than 1 m, the etching in the 

chamber was monitored through the top view window of the ICP chamber. Due to the 

existence of the wedge on the original diamond platelet, the thinnest part of the 

diamond is first etched away and the etching must be stopped before etching through 

the diamond at the thinnest part. This can be monitored from the reflection at the 

diamond surface through the top view window of the ICP chamber. 

After reaching the desired thickness, the submicron diamond membrane was 

transferred onto a DBR mirror using the floating and transfer procedures, as described 

above. A photograph of the resulting diamond membrane on a DBR mirror is shown 
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in Figure 5-7 (a). An image of the same diamond membrane on the DBR mirror under 

a microscope is shown in Figure 5-7 (b). The diamond membrane was characterised 

by using non-contact mode AFM in order to avoid damage due to the contact force. 

The characterisation results will be presented and discussed in the next section. 

It is worth noting that the final step of etching using a Cl-based plasma might be 

detrimental to the subsurface NV centres inside diamond membrane and a surface 

treatment using the oxygen plasma to change the surface termination to ‘NV-friendly’ 

O-terminations might be beneficial for the resulting NV centre emissions [51]. 

Figure 5-7: Images of the fabricated diamond membrane: (a) A photograph of the fabricated 

natural diamond membrane. This diamond membrane was capillary bonded to a DBR mirror; 

(b) Optical image of the natural diamond membrane under a microscope, colour fringes can 

be observed at the top left corner which indicates the thickness variation there. 

5.3  Characterisation of diamond membranes 

SEM and AFM were used for the characterisation of the fabricated ultrathin 

diamond membranes. The general conditions of the diamond membrane, i.e. the 

uniformity and the flatness, were characterised by using SEM. AFM was used to 

measure the thickness and the surface roughness of the achieved membranes. 

5.3.1  Thickness of the diamond membrane  

The SEM images of the fabricated natural diamond membrane with different 

magnifications are shown in Figure 5-8. These images were taken at a tilt angle of 45o. 

Figure 5-8 (a) shows the whole diamond membrane was uniformly etched. As far as 

we know, this is the first time such a large area submicron thick single crystal diamond 

membrane has been achieved. Figure 5-8 (b) shows a magnified SEM image at the left 

hand corner of the membrane indicated by a red dotted square in Figure 5-8 (a). A 
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well-bonded interface between the diamond membrane and the DBR mirror can be 

observed in this image. 

 

Figure 5-8: SEM images of the achieved thinned natural diamond membrane on a DBR mirror, 

where the images were taken at a tilted angle of 45o. (a) SEM image of the natural diamond 

membrane on DBR mirror demonstrating the uniformity of the achieved diamond membrane 

and (b) SEM image of the left corner indicated by the red dotted square in (a), demonstrating 

the well-bonded interface between the diamond membrane and the DBR mirror. 

To further measure the thickness of the achieved natural diamond membrane with 

high precision, a non-contact mode AFM was used. AFM measurements were taken 

at the same corner indicated by the red dotted square shown in Figure 5-8 (a). The 

measured results are shown in Figure 5-9.  

 
Figure 5-9: AFM measurement results: (a) top view of a measured area of 20×20 m2 at the 

same corner indicated by the red-dotted-square shown in Figure 5-8 (a); (b) 3D perspective 

image of the measured corner of the diamond membrane. Thicknesses of the edges indicated 

by the green and red line shown in (a) were labelled with white letters, demonstrating 

thicknesses of the membrane ΔY1 is 294.4 nm andΔY2 is 257.8 nm, respectively. 

Figure 5-9 (a) illustrates the top view of the overall measured area of the natural 

diamond membrane. The measured area is 20×20 m2. Figure 5-9 (b) shows the 
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measured thicknesses at the edges of the membrane indicated by the lateral red line 

and vertical green line cross over in Figure 5-9 (a). The measured thicknesses at these 

two edges are ΔY1=294.4 nm and ΔY2=257.8 nm, respectively. These measured results 

are consistent with the estimation by using the etch rate and duration, confirming the 

submicron thickness of the diamond membrane. 

 

Figure 5-10: 3D image of the measured thickness variation using the optical profiler. The 

coloured bar indicates the corresponding thickness reflected in the 3D image, the measured 

area is 640×480 m2. 

In using AFM, only a limited area (up to 40×40 m2) can be measured each time. 

This makes it difficult to map the thickness of the whole diamond membrane. The 

Dektak measurement, however, can only measure the thickness profile in a single 

scanned line each time and thus has the same problem of thickness mapping as the 

AFM. Besides, the contact force from the stylus of the Dektak might damage the 

ultrathin diamond membrane. However, for cavity applications, the thickness mapping 

of the diamond membrane is critical. In order to map the thickness of diamond 

membrane, a non-contact and more efficient measuring method is necessary. In this 

work, an optical profiler, Wyko NT 1100, has been used for the thickness mapping of 

the achieved diamond membrane. The principle of this tool was presented in Chapter 
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2. The measured result for the diamond membrane is shown in Figure 5-10 with a 

measured area of 640×480 m2. Large area thickness mapping could be realised by 

stitching of several such measured images together. Figure 5-10 shows the 3D image 

of the diamond membrane on the DBR mirror. The thinnest part of the measured area 

can be seen from the corresponding colour based on the colour bar. This optical 

profiler is an ideal method for the overall thickness mapping of the achieved diamond 

membrane. Further measurements are necessary for full characterisation of the whole 

membrane. However, due to the time limitation, only the initial measurement was 

carried out and shown here. 

5.3.2  Surface quality of diamond membranes 

To characterise the diamond membrane surface quality after etching, AFM was 

used to measure the RMS surface roughness. Additionally, the surface of the as-

received diamond platelet was also measured for a comparison. Figure 5-11 (a) shows 

the surface of the as-received diamond platelet and (b) shows the surface of the 

achieved diamond membrane, respectively. These measurements show that the as-

received diamond platelet has an RMS surface roughness of 0.83 nm (3×3µm2) 

compared with an etched diamond surface having an RMS roughness of 0.25 nm 

(3×3µm2). This results show that the ICP Ar/Cl2 plasma etching used here has 

improved the surface quality of the diamond sample, consistent with the result reported 

by C. Lee et al. [52].  

 

Figure 5-11: AFM measured RMS surface roughness results of: (a) As-received diamond 

surface, Rq is 0.83 nm (3×3 m2); (b) Etched membrane surface, Rq is 0.25 nm (3×3 m2). 
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5.4  Applications of diamond membranes in cavity-QED 

As mentioned in Section 5.1, the main purpose of developing the ultrathin 

diamond membrane is for cavity-coupled NV centre emission enhancement. The NV 

centre emissions from the achieved diamond membranes are characterised here. The 

emission from an NV centre in the diamond membrane was characterised first in free 

space. Then, to evaluate the cavity-coupled emission enhancement, characterisation of 

the emission from the open optical cavity-coupled diamond membrane was carried out.  

 

Figure 5-12: Schematics of the experimental setup of the open optical cavity-coupled diamond 

membrane: (a) schematic of the sample stage, (b) schematic of the independently tunable 

mirrors and (c) schematic of the piezo actuators. 

To characterise the NV centre emission, the home-built scanning confocal 

microscope mentioned in Chapter 2 was used. Schematics of the experimental setup 

of the open optical cavity-coupled diamond membrane are shown in Figure 5-12, in 

which (a) shows the sample stage, where an objective lens (×60) was used to focus the 

laser beam onto the sample, (b) highlights the independently tunable mirror cavity-

coupling of the diamond membrane sample and (c) shows the piezo actuators used to 

tune the positions of the featured mirror at X, Y, Z directions. For this confocal 

microscope, the laser excitation wavelength is at 532nm. Either a 670nm-810nm band-

pass filter or a 650 nm long-pass filter was used in the microscope collection arm for 

better PL imaging quality. The emission spectra from the ultrathin diamond 
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membranes were taken using a liquid nitrogen cooled Princeton CCD camera. Both 

photoluminescence (PL) images and the emission spectrum from the NV centres were 

measured. 

5.4.1 Emission from the NV centre in free space 

At the initial PL scans, the PL background from the membrane was very high, 

with a photon count rate of about 150,000 counts/sec under 1mW excitation power 

with a power density of 0.396 mW/cm2 (single NV centres usually have a count rate 

of roughly 30,000 counts/sec [30]). To suppress the background fluorescence, the 

diamond membrane was exposed to the laser radiation overnight. By using this method, 

the background fluorescence is reduced. This phenomenon is named photo-bleaching 

[23]. 

 
Figure 5-13: PL images at the membrane edge: (a) PL image of the overall scan at an area of 

140×140 m2, some fringes can be observed at the edge which represent uneven thicknesses 

due to the wedge; (b) Zoom-in of the PL image which presents a bright single feature as 

labelled with Feature 1. 

After several hours of photo-bleaching, PL images were taken. Figure 5-13 (a) 

shows the PL image of a 140×140 m2 area at the edge of the diamond membrane. 

Some fringes close to the diamond edge can be observed from this PL image indicating 

the thickness variation of the diamond membrane. A bright spot feature, which might 

be NV centre emission, was observed and is labelled as Feature 1 in the zoomed-in PL 

image in Figure 5-13 (b). The measured area for this image is 14×14 m2. The PL 
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spectrum of Feature 1 was also measured and is shown in Figure 5-14 (a). A sharp line 

at 573 nm which represents the first order of Raman shift mentioned in Chapter 4, is 

observed in this spectrum. Apart from this Raman peak, the measured spectrum seems 

to be a modified NV centre emission spectrum due to the etalon effect [53]. The broad 

emissions up to 800 nm are expected from the nature of the NV centre emission as 

discussed in Section 5.1.1.  

To further characterise the emission, the saturation power of Feature 1 was 

measured and fitted. The PL intensity of a solid-state NV centre saturates when the 

excitation power reaches a certain level. The measured power saturation curve is 

shown in Figure 5-14 (b) with a fitted saturation power of 1.8mW using the method as 

reported in [54]. This result is consistent with typical NV centres and confirms the NV 

nature of this feature [55].  

 
Figure 5-14: (a) Emission spectrum from Feature 1 under 1mW excitation power, a sharp line 

at 573 nm represents the 1st Raman peak. (b) Measured result of the power saturation of Feature 

1 and the fit, signal refers to the count from the NV, noise refers to the count from the 

background noise and Psat fit refers to the saturation fit of the power used at 1.8 mW, 0.396 

mW/cm2 using the method as reported in [54]. 

5.4.2 Cavity-enhanced emission 

To evaluate the enhancement of cavity-enhanced emission, the natural diamond 

membrane was placed on top of a planar DBR mirror and coupled to a curved concave 

mirror. The planar and concave mirrors have reflectivities of 99.7% and >99.99%, 

respectively, at a design wavelength of 637 nm, and their reflection bands extend from 

550 nm to 720 nm. The planar mirror is terminated with a low index layer to provide 

a field anti-node at its surface. A 532 nm laser was used to excite the NV centres in 
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the diamond membrane from the planar mirror side. The schematic and a picture of 

the cavity with an inserted diamond membrane are shown in Figure 5-15.  

As introduced in Section 5.1, the NV centre emission will be enhanced when it 

matches a cavity resonance. The enhancement will be larger if the cavity has a higher 

Q-factor and a smaller cavity volume. The Q-factor of a cavity is calculated as: 

𝑄 =
λ

δλ
          (5-3) 

where λ denotes the central wavelength and δλ denotes the full-width-half-maximum 

(FWHM) of emission spectrum in resonance with the cavity mode.  

The cavity Q-factor is determined by the cavity materials and structures and thus 

cannot be tuned. Thus, to achieve the maximum enhancement, the two cavity mirrors 

should be as close as possible. The curved concave mirror used in our experiment has 

a radius of curvature of 20 m.  

During the experiments, as the diamond membrane has a wedge profile, we 

moved the curved concave mirror to the edge and the centre of the membrane and 

adjusted its vertical position so as to form a cavity with the minimum cavity 

length/volume. Figure 5-15 and Figure 5-17 show these two configurations, 

respectively. 

 
Figure 5-15: (a) Side-view schematic of the cavity-coupled diamond membrane at the edge 

and (b) an image of the open optical cavity-coupled diamond membrane under a microscope. 
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Figure 5-16: Spectrum of cavity-enhanced emission from the diamond membrane, cavity 

length 2.11 m. 

For the configuration with the emission from the edge of the diamond membrane, 

the minimum achieved cavity length is 2.11 m. Figure 5-16, shows the Gaussian 

function fitted cavity-enhanced emission spectrum. In this spectrum, an enhanced 

emission peak is seen at 700.9 nm with an FWHM of 1.086 nm. This emission peak 

might come from a NV centre emission tuned by the etalon effect or from NV centre 

ensembles. The Q-factor is 645, calculated from this emission and Equation (5-3). The 

enhancement of this emission spectrum and the suppression of other emissions can be 

clearly observed in Figure 5-16. The enhanced intensity is 3.5 times larger than the 

suppressed intensity at 620.3 nm.  

Similarly, the configuration for the central part of the cavity-coupled diamond 

membrane being inside the cavity is shown in Figure 5-17. In this case, the cavity 

length is 3.39 µm. A Q-factor of 695 (FWHM 1.019 nm) is obtained from the emission 

peak at 708.6 nm as shown in Figure 5-18. The intensity of the emission at 708.6 nm 

is 4.5 times larger than the suppressed emission at 599.4 nm. Again, this 708.6 nm 

peak might come from the NV centre emission tuned by the etalon effect or from NV 

centre ensembles. However, the diamond sample used has a high NV centre density, 

and so it is difficult to identify a single NV centre in the membrane in practice. 
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Figure 5-17: (a) Side-view schematic of cavity-coupled diamond membrane and (b) an 

image of the open optical cavity-coupled diamond membrane under a microscope. 
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Figure 5-18: Spectrum of cavity-enhanced emission from the diamond membrane, cavity 

length 3.39 m. 

The above characterisations verify the cavity enhanced emissions from the 

diamond membrane. Note that the Q-factors derived from the cavity-enhanced 

emissions have not changed much according to the cavity lengths. This means that the 

enhancement of cavity-coupled emission might more likely be limited by the quality 

of the DBR mirrors used. Single NV emission enhancement at the ZPL has not been 
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observed which may be due to the lack of single NV centre features in the diamond 

membrane. Diamond with implanted NV centres should be used for membrane 

fabrication in future. In particular, by combining diamond membrane fabrication with 

controllable implantation of single NV centres, one could realise single NV centre 

arrays in diamond membranes. This could be an attractive route towards the 

construction of scalable quantum computing. 

In addition, NV centres are also important in other applications such as 

magnetometry and thermostats as the NV centres are sensitive to magnetic field, 

electric field and thermal gradient. Incorporating ion implantation of a single colour 

centre to produce a solid-state photo-stable single photon source at room temperature 

is one basis for quantum computing applications.  

By using focus ion beam milling or electron beam lithography well defined 

micro/nano- diamond structures such as ring resonators and waveguides can be further 

developed on the diamond membranes. These micro/nano diamond structures are 

critical components to enhance and guide emissions from NV centres for applications 

in scalable quantum processors. Moreover, combined with the use of transfer printing, 

freestanding diamond membranes with NV centres can be transferred to a particular 

position at a photonic structure to achieve the integrated quantum photonic circuits. 

Besides, diamond membranes can also find use in X-ray windows [2], protein 

detection, heavy metal detection and neutron detections [3, 4]. The large Young’s 

modulus of diamond makes diamond membranes also useful in MEMS and NEMS for 

fast switching [5]. 

5.5 Conclusion 

In this chapter, a method of fabricating large area ultrathin diamond membranes 

is reported. The fabricated diamond membrane has thicknesses ranging from 0.25 m 

to a 1 m edge-to-edge due to the existing initial diamond wedge. The SEM and the 

AFM are used to characterise the uniformity and thicknesses of the fabricated natural 

diamond membrane. An optical profiler was used to map the thickness variation at a 

large area and could be further explored for the morphology of the fabricated diamond 

membrane. The fabricated diamond membrane was transferred to planar DBR mirrors 

for characterisation of the NV emission under a home-built confocal microscope. A 
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potential NV centre feature embedded in the achieved diamond membranes was 

characterised. The PL intensities of the NV emission are measured both in free space 

and coupled open optical cavity. Note that the emission is affected by long term 

exposure under laser excitation, demonstrating a photo-bleaching behaviour. This 

might be due to the unstable charge state of the NV. Enhanced emissions that are 

matched to the cavity resonance mode have been observed, which confirms the 

feasibility of cavity-coupled diamond membranes for applications in quantum 

information processing.  
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Chapter 6  Summary and future work 

6.1 Summary 

This thesis presents a detailed study on fabrication, characterisation and 

applications of novel diamond photonic structures and devices. By using the 

optimised fabrication techniques, diamond micro-lenses with radii of curvature 

larger than 13 mm and diamond membranes with a thickness less than 250 nm 

have been developed. The profiles, optical focal length and surface roughness of 

these diamond micro/nano-structures have been fully characterised using Surface 

profilometer, a knife-edge technique and AFM, respectively. Based on these 

diamond micro/nano-structures and components, monolithic diamond Raman 

lasers and Fabry-Perot cavity-coupled NV emission have been achieved. 

In Chapter 1 of this thesis, the general background of diamond, which 

includes the diamond structure, type, synthesis, property and the diamond 

processing methods is introduced. At the end of this chapter, a brief overview of 

recent progress on diamond photonic devices including diamond optics, diamond 

Raman lasers and cavity-coupled diamond quantum light sources has been 

presented. 

Chapter 2 introduced the basic techniques used to develop diamond 

micro/nano structures and photonic devices. The main fabrication techniques 

include the photolithography to define the PR mask patterns on surfaces of the 

diamond samples and the RIE/ICP dry etching to transfer the PR mask patterns 

to the diamond to achieve the diamond micro/nano-structures. The methods for 

characterising these diamond structures and photonic devices are introduced in 

the second part of this chapter, which includes the surface profilometer, the 

optical profiler, the AFM for the profile and surface characterisations and the 

knife-edge technique and the scanning confocal microscope for the optical 

characterisations.  

The previously unclear PR reflow mechanisms and the PR shape evolution 

have been investigated in detail in Charter 3. The “edge bulge effect” exhibited 

during the PR pattern reflow process has been observed and studied. The findings 

were then applied to develop controllable 3D PR structures on the silicon and the 
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diamond, especially to control the PR lens formation on the diamond surface. With 

such high controllability, PR hemi-toroid structures and micro-lenses with a diameter 

of 400 m and a state-of-the-art ROC of 1.4 mm were achieved and these structures 

were also transferred successfully to the substrates such as diamond.  

Chapter 4 reported the design and development of a novel concept of micro-

lensed monolithic diamond Raman lasers based on the diamond lens fabrication and 

optimization. Combined with the PR pattern transfer via optimised Ar/Cl2 ICP etching, 

the diamond micro-lenses with a large ROC have been achieved. These diamond 

micro-lenses presented a state-of-the-art large ROC (>13 mm) and sub-nanometre 

surface roughness which are critical for the performances of diamond Raman lasers. 

By applying these diamond micro-lenses fabricated on one surface of a 2 mm thick 

bulk diamond and coated with selective dielectric mirrors, the micro-lensed monolithic 

diamond Raman lasers have been demonstrated for the first time. 

The development of state-of-the-art large size, single crystal ultrathin diamond 

membrane is presented in Chapter 5. The achieved diamond membrane has a diameter 

larger than 3 mm and a thickness less than 250 nm. By bonding this free-standing 

ultrathin diamond membrane on a high reflection DBR mirror and assembling them 

with a curved mirror, an open optical Fabry-Perot cavity was formed which enabled 

the modified NV emission from the diamond membrane. With considerable flexibility 

and tunability, this novel approach has great potential for achieving cavity enhanced 

ZPL emission of the NV in the diamond membrane and can be applied to realise 

scalable construction the QIP network based on single NV centres in diamond 

membranes.  

6.2 Future work 

Diamonds are a great platform for novel research and applications in frontiers of 

both fundamental physics and cutting-edge technology nowadays. With the advance 

of the diamond synthesis, researches based on this great material have attracted a 

broader interest in photonics and other areas such as electronics and mechanics etc. 

The fabrication techniques developed in this thesis work are capable to make 

diamond micro/nano-structures with controllable shape and dimensions. Based on 

these techniques, new diamond devices such as diamond micro-toroids, diamond 
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aspherical lenses, concave or dual-focal lenses can be realised. These new 

diamond devices will underpin various applications. For example, with a high Q 

and a low volume, the diamond micro-toroid can be applied to the nanoparticle 

detection in a harsh environment or in water [1].  

Monolithic diamond Raman laser with output wavelength at the infrared 

range can be developed using alternative coatings [2]. The infrared wavelength 

can be used for communication etc. Moreover, diamond Raman ring or disk 

resonators can be achieved using the techniques developed in this thesis work, 

which can be used as on-chip optical sources [3]. 

In addition, if combined diamond structure fabrication with other techniques 

such as transfer printing [4], assembling of integrated diamond photonic devices, 

e.g. diamond circuits and diamond waveguides, on a fully diamond based 

platform is possible [5].  

The ultrathin diamond membrane develop in this work is a great platform for 

many important applications including the ultrathin X-Ray windows, radiation 

detection for heavy ions [6] and enhanced NV emissions in both monolithic 

diamond cavities [7] and in hybrid systems [8]. The scalable construction of 

networked QIP and quantum computation can benefit from the development of 

the large size freestanding high-quality single crystal diamond membranes. 

Cavity-coupled NV centres from the diamond membrane can be individual nodes 

for the networked QIP. 

Additionally, the diamond membrane hosting NV centres beneath the 

surface are desired for many other novel applications in areas such as the bio-

imaging, neuron-science, quantum imaging, quantum metrology and 

magnetometry.  

It is expected that the techniques developed in this thesis work will pave the 

way to realizing the new diamond devices and applications.   

6.3 Final remark 

Diamond photonics is a broad research topic, currently undergoing 

explosive development on many fronts. Throughout this PhD study and thesis 

writing, I have been constantly amazed by the progress of diamond based 

photonics in diamond optics, lasers and the advanced quantum photonics. It is my 
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fortune and pleasure to witness such rapid development in this area and I am excited 

to be able to contribute to this development for the future technology.  
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Appendix I: Table of diamond sample 

specifications 

Diamond sample used in chapters 
Sample specifications 

Chapter 3 Single crystal diamond, type II Ia-optical, 

Low absorption; Diameter: 

4.0×4.0±0.1mm; Thickness: 1.0 ± 

0.05mm; Orientation: [110] Top and 

bottom plane, [100] side faces; Flatness: 

<0.1 Roughness: < 5 nm Ra, measured on 

1 mm; Birefringence: < 1.10-6
; 

Absorption coefficient: 0.005 cm-1  

Chapter 4 Single crystal diamond, type II Ia-optical, 

Low absorption; Diameter: 

4.0×4.0±0.1mm; Thickness: 2.0 ± 

0.05mm; Orientation: [110] Top and 

bottom plane, [100] side faces; Flatness: 

<0.1 Roughness: < 5 nm Ra, measured on 

1 mm; Birefringence: < 1.10-6
; 

Absorption coefficient: 0.005 cm-1 

Chapter 5 Electronic grade single crystal 

membrane; Diameter: Φ= 3 mm; 

Thickness: 30 m; [001] orientation 
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