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Abstract 

ABSTRACT 

In this project, Inductively Coupled Plasma (ICP) etching of natural and synthetic 

diamond using oxygen-based (Ar/02) and chlorine-based (Ar/Ch) plasmas was 

investigated. The effects of ICP platen and coil powers and gas pressures on the 

diamond etching were also studied. It was demonstrated that the diamond etch rate 

and etch selectivity using Ar/Ch plasma etching, with high etch controllability 

(on the nanometre scale) and capabilities of removing the sub-surface damage and 

improving the surface smoothness, is only half of those by using Ar/02 plasma. 

Based on these studies, various diamond micro-optics including diamond micro­

spherical positive and negative lenses, micro-cylindrical and micro-ring lenses, 

complex micro-lenses and optical gratings were designed and successfully 

fabricated. Structural and optical characterisations revealed the high optical quality 

and functionality of the fabricated diamond micro-optics. Applications of diamond 

micro-optics, such as micro-lensed micro-VECSEL photonic devices were also 

demonstrated. 

Utilising ICP Ar/Ch plasma etching and other processes, prototype diamond 

electronic devices such as diamond MISFETs and MOSFETs have been fabricated. 

To realize such diamond FET devices, ohmic contacts with low specific contact 

resistances, which can be achieved by applying aqua regia surface treatment and 

laser ablation techniques on the p-doped diamond, are imperative. However, it was 

found that the gate leakage currents of the diamond MISFET devices were quite 

large due to leakage through the diamond intrinsic layer under the gate. To overcome 

this problem, diamond MOSFET devices employing Si02 as gate insulation material 

were developed, which were able to sustain large gate biases with very low leakage 

currents. However, these diamond MOSFET devices could not be fully pinched-off 

which may be due to the high boron concentration and relatively thick delta layer, 

which leads to excessive charge in the channel of the device. By fabricating a recess 

gate diamond p-MOSFET, gate field control was much enhanced. 
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1.1 Introduction 

Chapter 1 

Introduction 

Chapter 1 Introduction 

It is well known that natural diamond is precious gems. Due to its superior physical, 

chemical, optical and electrical properties, today diamond is used much wide rather 

than just for making jewellery. Optically, diamond is unmatched in being transparent 

from deep ultraviolet to beyond a wavelength of 100 11m, making it a particularly 

attractive material for optics applications. In addition, diamond has low coefficient of 

thermal expansion (l x 10-6 Oel
) [1-2] and high thermal conductivity of 

20 Wcm-IK-I at room temperature [1-2], making it the best thermal conductor of any 

material. Thus heat dissipation is much of less concern for diamond-based optical 

and electronic devices. Furthermore, diamond is the hardest known material, 

chemically inert and possesses the properties of high wear resistance and low friction. 

Diamond is therefore also a perfect material to be used for making grinding and 

cutting tools. 

Diamond extreme properties derive from its strong, covalent carbon-carbon bonds 

called Sp3 bond [3]. Within the crystal, each carbon atom is symmetrically bonded to . 

four neighbouring carbon atoms situated at the comers of a surrounding tetrahedron. 

A unit cell of diamond crystal structure is shown in Figure 1.1. The carbon atoms are 

represented by the small spheres on the comers and face centre of a cube, and at four 

sides inside. The thick lines joining them represent the covalent bonds [3] with the 

cubic length, Go, of 0.357 nm at room temperature [4]. 

It can be observed in Figure 1.1 that diamond has a cubic crystal structure in which 

all carbon atoms have four covalent (sp3) bonds. The bonds between the carbon 

atoms are far stronger than those in silicon and germanium. It is the strong bonding 

that makes diamond hard. This arrangement of atoms, and its spatial repetition 

through the crystal, is the prototype crystalline structure found for the 

mono-elemental, intrinsic semiconductors such as silicon and germanium. From this 

perspective, diamond should be a semiconductor. However, diamond has a large 
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Chapter I Introduction 

electronic band gap of about 5.45 eV (Si: 1.1 eV; Ge: 0.7 eV). At room temperature, 

very few valence electrons can break loose from diamond bonds to take part in 

electrical conduction. For this reason, intrinsic diamond is practically an insulator 

[5-6] . Nevertheless, the diamond conductive property can be altered by doping [5-6]. 

Additionally, with a very high breakdown voltage (10 MVcm- 1
) and high hole 

mobility (3800 cm2V-1s-1
) [7], p-doped diamond is a promising semiconductor 

material for developing high power electronic and optoelectronic devices. 

110 = 0.357 nm 

Figure 1.1 One cubic unit cell of the diamond structure [4]. 

In this chapter, a brief history of diamond will be first reviewed. Then, the type of 

diamond as well as diamond machining techniques (i.e. mechanical cutting, polishing 

and dry etching) will be described. A literature review on diamond micro-optics 

(e.g. micro-lenses and gratings) and micro-electronics (e.g. Field Effect Transistors) 

will be presented. Diamond micro-optics and micro-electronics are main diamond 

devices developed and studied in the project. 

1.2 History of Diamond [3] 

Up to the 1950s, only natural diamonds were available. These natural diamonds are 

coveted as gems and therefore are extremely expensive. The high cost created a large 

barrier for diamond use in optoelectronic applications besides a gem stone. Hence, 

the race began to synthesise diamond in the laboratory. Since 1953, synthetic 

2 



Chapter 1 Introduction 

diamonds under high-pressure, high-temperature (HPHT) have been manufactured. 

In this method, diamond is crystallised from metal solvated carbon at pressures 

above 50 kbar and temperatures exceeding 1500 K. The HPHT diamonds are now 

used widely in the cutting, grinding and sawing of other hard materials. It is also 

possible to grow larger diamond by means of the HPHT method, but the process is 

costly. 

At about the same time that HPHT growth was achieved, experiments started to 

indicate that diamond growth may even be possible at low pressure by deposition 

from carbon-containing gases such as methane. Great excitement ensued when it was 

convincingly proven in the early 1980s that sustainable, metastable growth of 

diamond can be achieved when such a gas is diluted by hydrogen and excited to 

become plasma. Suitable plasma can be generated by different means such as by gas 

flow over a hot tungsten filament, by microwave activation or by plasma jet. 

Polycrystalline diamonds grown by plasma-assisted chemical vapour deposition 

(PACVD) are now commercially available. The CVD diamond technology opens 

great opportunities for diamond as it is now possible to grow diamond films and 

coatings. It is also made possible to control the quality of the diamond grown and the 

ability to dope the materials in order to engineer its properties. Therefore, diamond is 

now moving into many other applications for which its unique properties make it an 

ideal material. For this reason, various types of diamond are introduced in the 

following sections to gain a better understanding of this material. 

1.3 Type of Diamond [1] 

In general, diamond can be classified into two categories: natural diamond and 

synthetic diamond. Both of the natural and synthetic diamonds have been categorised 

into four main types: 

a) Type Ia 

Most of the natural diamonds (about 98 %) fall into this type [8]. Type Ia diamond 

contains around 0.3 % of nitrogen which is substituted in small aggregates. The 

presence of these nitrogen impurities produces infrared absorption since nitrogen 

3 



Chapter 1 Introduction 

itself gives rise to strong absorption in the infrared [9]. The concentration of the 

incorporated nitrogen impurity can be as high as 5.28 x 1020 atoms/cm3 with the 

carbon density of 1 .76 x 1023 atoms/cm3 [4]. 

b) Type Ib 

Almost all synthetic diamonds are of this type. The nitrogen atoms are primarily 

singly dispersed such that each atom occupies a lattice site. This occurs when the 

diamond is doped with nitrogen. The concentration of the substitutional nitrogen 

atoms in the lattice sites can be up to 500 ppm [10]. In contrast, natural diamond of 

this type is very rare, which accounts for about 0.1 % of natural diamonds. 

c) Type IIa 

Type IIa diamonds are of high purity and are insulators. These diamonds contain 

extremely low levels of nitrogen (less than 5 ppm [10]). The nitrogen levels are so 

low that the nitrogen is hardly detectable by infrared absorption measurements. The 

single-crystalline type IIa diamonds contains no dislocations and other defects such 

as interstitial atoms and vacant lattice sites (vacancies) and thus, are an ideal material 

for developing diamond optical devices. Type IIa diamonds are even rare in nature 

compared to type Ib and Type IIa diamonds can now be synthesised by CVD method. 

d) Type lIb 

Diamonds of this type are extremely rare in nature. Type lIb diamonds contain very 

low concentration of nitrogen (less than 1 ppm [11]) but contain single substitutional 

boron atom resulting in absorption in the red to infra-red region. Hence, these types 

of diamonds are normally used to make p-type semiconductor diamond. Type lIb 

diamond can be synthesised by deliberately incorporating boron atoms into the 

material and excluding nitrogen. 

1.3.1 Natural Diamond 

Although diamond consists of carbon, at least 58 other elements have been found as 

impurities in type I natural diamond (for example, aluminium, 10 parts per million 

(ppm); hydrogen, 1000 ppm; silicon, 80 ppm) [8]. However, among these impurities 
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Chapter 1 Introduction 

only two elements, boron and nitrogen, may replace carbon atoms in the diamond 

lattice. Nitrogen is the major impurity and may substitute for carbon atoms 

individually or in pair [1]. The presence of nitrogen and the manner of its substitution 

influence diamond physical properties including thermal conductivity and electrical 

resistivity. 

1.3.2 Synthetic Diamond 

Synthetic diamond is the diamond synthesised in the laboratory and is produced 

commercially in large amounts for industrial uses. There are two main types of 

synthetic diamonds: High-Pressure and High-Temperature (HPHT) diamond and 

Chemical Vapour Deposition (CVD) diamond. 

1.3.2.1 High-Pressure and High-Temperature (HPHT) Diamond 

HPHT diamond is synthesised in the diamond stable region of the carbon phase 

diagram where high pressure and high temperature are required. Two types of 

diamond can be produced via the HPHT method, mono-crystalline diamond (MCD) 

and poly-crystalline diamond (PCD). It should be noticed that the nomenclature 

"MCD" is sometimes also used to refer to single crystal diamond. The diamond 

formed by sintering HPHT technique is referred as PCD. These diamonds generally 

contain Cobalt and should not be confused with the polycrystalline diamond grown 

by CVD technique known as PCVD. 

1.3.2.2 Chemical Vapour Deposition (CVD) Diamond 

Chemical Vapour Deposition (CVD) is a technique in which a gas-phase chemical 

reaction occurs above a substrate surface causing deposition onto that surface [1,12]. 

In order to deposit diamond by this method, a carbon-containing gas must be 

"activated" to provide the gas phase species required for growth. This activation can 

be thermal (hot filament) or plasma (DC or RF microwave). In addition, in order to 

form diamond rather than other carbonaceous materials, the substrate onto which 

growth occurs must be maintained at a sufficiently high temperature. 

5 



Chapter 1 Introduction 

For CVD diamond growth, methane (CH4) diluted in an excess of hydrogen is used. 

The nature of resulting diamond films is strongly dependent upon growth conditions. 

Measures of the ratio of diamond-like bonding to graphite-like bonding and the 

amounts of C-H incorporation and the crystallinity are used to assess the growth 

quality. In general, there are two main types of CVD diamonds: 

a) Polycrystalline CVD diamond 

Polycrystalline diamond grown by using CVD technique is referred as PCVD. Even 

though the quality of the PCVD diamond is lower than the single crystal CVD 

diamond, the commercial price of the PCVD diamond is much cheaper than the 

single crystal CVD diamond. 

b) Single Crystal CVD diamond 

Single crystal CVD diamond normally contains nitrogen. However, rapid advances 

of this technology have enabled high purity diamond to be grown. The nitrogen level 

for the high purity diamond can be lower than 1 part per billion (ppb). Hence, the 

synthetic single crystal CVD diamond is suitable for fabricating high quality 

diamond electronic devices. 

1.4 Diamond Processing 

The extreme properties of diamond make it a highly desirable material for many 

applications. Nevertheless, due to its outstanding mechanical properties such as the 

extreme hardness, processing and micromachining of diamond is a technique 

challenge. To date, several techniques have been developed to process diamond 

including mechanical methods or plasma dry etching techniques. These techniques 

will be briefly reviewed in the following sections. 

1.4.1 Mechanical Processing 

Important mechanical processing of diamond required for fabricating diamond 

optical and electronic components is diamond cutting and polishing. These processes 

are required so as to cut diamond into the desired size or to polish the diamond to 

achieve a highly smooth surface. 

6 



Chapter 1 Introduction 

1.4.1.1 Diamond Cutting 

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

be cut by cleaving, mechanically sawing, laser cutting and electrical discharge 

machining (EDM) techniques: 

a) Cleaving [13] 

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

diamond the easiest cleavage planes are {Ill} planes. When cleaving, a diamond is 

set at a holder called a "dop". A scratch groove is made first by using another 

diamond. A steel knife is then set into the groove and is tapped with a wooden mallet. 

If the scratch groove was made accurately along the crystalline planes, the diamond 

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

the diamond. 

b) Mechanical Sawing 

For sawing a diamond, the diamond sample is set into "dop" like cleaving and is then 

clamped into an arm above a saw which revolves at a high speed. Traditionally, a 

special diamond saw is used for cutting the diamond. However, if the diamond must 

be cut in a direction that is not along a cleavage plane, a thin phosphor-bronze saw 

blade « 0.1 mm) is used. 

c) Laser-Cutting 

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

during laser processing. 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 and further polishing process is required in order 

to improve the surface quality. 

d) Electrical Discharge Machining (EDM) 

If the diamond is conductive, EDM technique can be used for cutting. Conductive 

polycrystalline diamond (PCD) and boron-doped PCVD diamond are normally cut 
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using EDM method. The cut surface with EDM technique is rougher than those 

achieved with laser cutting [14]. 

1.4.2 Diamond Polishing [15] 

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

are mainly two types of polishing: Scaife polishing and resin-bonded polishing. In 

this work, the highly smooth diamond samples (with a root-me an-square surface 

(RMS) roughness of less than 0.5 nm over a 5 x 5 /Jm2) used for Field Effect 

Transistor (FET) fabrication were either Scaife polished or resin-bonded polished. 

a) Scaife Polishing 

This method has been used in the gem trade for diamond faceting and polishing for 

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

such as cast iron or bronze and is typically "dressed" prior to polishing by 

impregnating the surface of the wheel with diamond grit or powder. The diamond is 

normally polished by hand. The diamond sample is clamped in a hand-held metal 

holder known as a "dop". Scaife polishing is considered to be a chemo-mechanical 

process. Abrasive forces from the diamond-impregnated scaife wheel remove 

material by mechanical fracture. It is also thought that the high temperature due to 

friction along with the wheel chemistry leads to a chemical component in the process. 

The removal rates achieved in scaife polishing are highly dependent on the face you 

are polishing and the polishing direction. In this project, diamond samples with {I OO} 

surface have been used and a scaife polishing process has been developed by 

Element Six Ltd. to achieve surfaces with the lowest surface RMS roughness of less 

than 0.1 nm over a 1 x 1 /Jm2. 

b) Resin-bonded Polishing 

This method involves polishing diamond with a wheel which contains diamond grit. 

The wheel is typically made of organic resin on which diamond grit was pre­

embedded. Resin-bonded polishing is often used in a more productionised setting. 

Unlike Scaife polishing, the diamond is not polished in one fixed direction and there 

is no chemical aspect to the polishing. 
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1.4.3 Dry Etching 

Due to the absence of a reliable wet etching approach on diamond materials, 

attention has been shifted to dry etching techniques such as Reactive Ion Etching 

(RIE) [16], Inductively Coupled Plasma (ICP) [17-22], Electron Cyclotron 

Resonance (ECR) [23] or Focused ion Beam Etching (FIB) [24]. 

The use of high density plasma (l 01
1 ions/cm3

) plasma etch systems such as ICP and 

ECR has resulted in improved etch characteristics as compared to the conventional 

RIE [25]. The improved performance can be attributed to high plasma densities 

which are 2 to 4 orders of magnitude higher than RIE and thus improving the bond 

breaking efficiency and the sputter desorption of etch products [25]. Additionally, 

plasma induced etching is more readily controlled due to the effective decoupling of 

both ion energy and ion density [25]. ICP plasma has advantage such as uniform 

density and energy distribution while keeping the ion and electron energy low [25]. 

Thus, ICP produces low surface damage while maintaining a fast etch rate [25]. A 

highest etch rate of about 0.2 )lm/min on diamond by ICP Arl02 plasma etching was 

reported by Choi [26]. In this work, novel diamond micro-optics (e.g. micro-lenses) 

and micro-electronics (e.g. FET) were successfully fabricated by using ICP dry 

etching method. 

1.5 Literature Review: Diamond Micro-optics and Micro-electronics 

1.5.1 Diamond Micro-optics (Micro-lenses and Grating) 

In this work, novel diamond micro-optics such as high quality diamond micro-lenses 

in different formats and diamond gratings were developed. Previous works on the 

diamond micro-optics and the techniques of fabricating micro-lenses and gratings are 

reviewed in the following sections. 

1.5.1.1 Micro-lenses 

A large number of very different methods have been attempted to make either 

individual micro-lenses or micro-lens arrays with varied success. One of the earliest 

forms of micro-lens was developed by Robert Hooke in 1664 [27]. He melted the 

ends of thin strands of Venetian glass in a flame, which became a hemispherical form 

9 



Chapter 1 Introduction 

under the action of surface tension. He then mounted these lenses in pitch and 

polished the back flat. This thermal reflow technique has been widely applied to 

polymer materials with a low melting temperature such as photoresist. By combining 

the thermal reflow with etching process, it is possible to produce micro-lens arrays in 

hard materials. In this way, micro-lens pattern is first formed in the polymer material 

by thermal reflow, and then the lens pattern is transferred into the hard material by 

dry etching. The fabrication of micro-lenses using the combined thermal reflow and 

etching techniques has been proposed by Popovic et al. [28] and Daly et al. [29]. 

Since then, micro-lenses have been fabricated in different materials. Park et al. [30] 

has fabricated plano-convex refractive micro-lenses in sapphire using chlorine-based 

ICP plasma etching. The thermal reflow and ICP etch techniques have also been 

adopted by Choi et al. [31]. In their work, plano-convex micro-lenses on natural 

diamond have been successfully fabricated using ICP oxygen plasma etching [26]. In 

addition, bifocal and negative micro-lenses on gallium nitride (GaN) have also been 

fabricated by the same group [31]. In that work, GaN bifocal micro-lenses were 

fabricated by using ICP etching with two different plasmas (CbIBCh and Cb/Ar) in 

order to achieve different etch selectivities. The difference in etch selectivity 

between the two etch processes enabled the fabrication of the dual-power micro-lens. 

On the other hand, the negative GaN micro-lenses were realised by using 

hot-embossing method. To fabricate such negative micro-lenses, sapphire 

plano-convex micro-lenses were first made. These lenses were then coated with 

silica and were pressed onto the photoresist layer coated on the GaN substrate [31]. 

Then, silica was etched away using a chemical solution to separate the assembly. The 

resulted negative micro-lens pattern left in the photoresist layer on the GaN substrate 

was then etched to transfer the negative micro-lenses on GaN. 

Micro-lenses can also be formed using the inkjet printing technology [32-33]. In this 

method, drops of UV curable optical adhesive were dispensed from the printer and 

form micro-lenses in a similar fashion to those formed by the reflow method 

[20-22,26]. Then the lenses are cured by UV light. Under computer control, the lens 

array can be printed in a predefined pattern. Several parameters such as print head 
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temperature, drive waveform parameters and substrate temperature can be altered to 

optimise the micro-lens structures. 

To date, only diamond spherical convex micro-lenses have been fabricated. Diamond 

micro-lenses in other formats such as, negative, cylindrical and ring micro-lenses, 

have not yet been reported. Due to the unique optical properties of diamond, the 

abovementioned diamond micro-lenses have been fabricated in this work. 

1.5.1.2 Gratings 

Sub-wavelength gratings on CVD diamond have been successfully fabricated by 

Karlsson et al. [34] in order to reduce the Fresnel reflection. These antireflection (AR) 

diamond gratings were optically evaluated with a spectrophotometer. It was found 

that the transmission through an AR diamond grating was increased from 71 % to 

97 %. The fabrication of the diamond grating was performed with e-beam 

lithography and ICP plasma etching. The diamond gratings with the shortest period 

were fabricated by Lister et al. [35]. In his work, the grating with a period of 23 nm 

has been fabricated onto the CVD diamond using the e-beam lithography and RIE 

oxygen plasma etching. 

1.5.2 Diamond Micro-electronics (Field Effect Transistors) 

Various diamond micro-electronic devices have been demonstrated. This review 

mainly focuses on the diamond field effect transistors (FETs) and the key technique 

to achieve the diamond FETs-ohmic contact formation on the p-doped diamond. 

1.5.2.1 Ohmic Contact on p-doped Diamond 

In general, a potential barrier is developed at metal-semiconductor interfaces due to 

either the difference In the work functions of the two materials 

(Schottky-Mott Model) or to the presence of interface states which pin the Fermi 

level (Bardeen Model). The fundamental physics of these two models is elucidated in 

Section 2.3.1. The barrier height of different metal contacts on single crystal 

diamond has been measured using various techniques, including capacitance-voltage 

(C-V) [36], photoemission spectroscopy [37], photoelectron spectroscopy [38]. The 
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reported values of barrier height are found to be independent of the metal [36-38]. 

Hence, it can be concluded that the Fermi level is strongly pinned at the diamond 

surface, presumably due to the covalent nature of diamond which tends to offer a 

high density of surface states. Thus, Schottky contacts have been obtained via less 

reactive materials such as Au on lightly to moderately doped, undamaged diamond 

surface [36, 39-42]. On the other hand, reasonably good ohmic contacts can be 

formed by choosing or intentionally creating damaged surfaces, i.e. graphitisation 

[43-47]. 

Several methods for achieving good ohmic contacts on diamond have been reported. 

These research results showed that to obtain ohmic contacts on diamond with a low 

contact resistance, it is important to form a very high conductive layer at the interface 

between the metal contact and diamond. A transformation from diamond to high 

conductive non-diamond carbon (graphitisation) via laser ablation was observed by 

several researchers. Geis et al. reported an interesting study on modification 

(Le. graphitisation) of diamond surface using a pulsed 190 nm ArF laser [43]. After 

laser ablation and etching using either a solution of H2S04 and Cr03 or a He-02 

plasma, a brownish surface layer with a mixture of diamond and graphite 

(unidentified graphite-like carbon phases) was formed [43]. Since the damaged 

diamond (Le. graphitisation) enables diamond surface to be remarkably conductive, 

ohmic contacts can formed on the surface. In order to achieve surface graphitisation, 

various experiments have been performed by using laser ablations. For example, a 

diamond sample was irradiated with a 193 nm laser [44]. It was found that the 

heating and the laser power determines the local graphitisation and carbide forming 

and consequently affecting the contact properties. Depending on the temperature and 

type of diamond, the non-diamond carbon formed after ion implantation can be 

completely graphitised [45-46]. The ohmic contact formed by graphitisation is also 

shown by Chen et al. [47]. 

A most common method of realising ohmic contacts on semiconductor materials is 

by heavily doping the region (e.g. ion implantation) under the contact and utilising 

the tunnelling current through the narrow depletion region. Ion implantation is very 
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promising technique to dope the diamond surface in order to achieve good ohmic 

contact. Prins et al. [48-49], Kalish et al. [46, 50] and Sandhu et al. [51] have studied 

ion implantation into diamond. Kalish et al. has used B, Li and P ion beams with 

energies from 40 to 170 keY for implantation and a contact resistance of 0.01 O.cm2 

has been achieved by using B ion implantation. However, in his work, the contact 

metals were not specified. The lowest value of the specific contact resistance 

(1.4 x 10-7 O.cm2
) was achieved by usmg Si implantation 

(or Si and B dual implantation) [52]. In that work, Ti was used as the contact metal 

layer. 

The carburisation reaction of a carbide-forming refractory metals such as Ti, Mo and 

Ta [39-40, 42, 53-57] on diamond is also a widely used method to form good ohmic 

contacts. The ohmic behaviour of these metal contacts was attributed to the 

formation of carbide at the interface during annealing. Carbides are reliable contacts 

as well as good diffusion barriers especially for high-temperature devices. For the 

case of Ti contact, the Ti metal is carburised by an annealing typically at about 450 

°C in argon and nitrogen ambient. A very thin TiC layer is formed at the diamond/Ti 

interface which allows tunnelling of the carriers through the contact and thus 

reducing the contact resistance. This process has been studied extensively by Moazed 

et al. [53] and Tachibana et al. [58-59]. For such Ti contacts, a Pt layer is normally 

used as a diffusion-blocking layer deposited on the top of Ti layer and a Au cap is 

finally deposited which acts as an anti-oxidation highly-conductive layer and can be 

directly wire bonded. 

Another approach of achieving a good ohmic contact on diamond is to use Si-based 

contacts [60]. By this method, the diamond surface is heavily doped with B (doping 

concentration above 1 x 1020 cm-3
) in a very thin surface layer and the contact 

resistance measured is 10-2 O.cm2
• Unique formation of graded junctions of 

Si/SiC/diamond may be considered as a combination of carbide formation and 

damaging of the diamond lattice by Kr+ ion implantation [61]. The specific contact 

resistance obtained by this method was about 10-3 O.cm2 on relatively highly doped 

diamond. 
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Ohmic contacts on boron-doped diamond achieved in this work were realised by 

chemical etching and UV laser graphitisation utilising Ti metal contact. 

1.5.2.2 Diamond Field Effect Transistors (FETs) 

Due to its high breakdown field, high hole mobility and large band gap [3, 62], 

diamond is a promising material for developing high power and high frequency 

electronic devices, such as Field Effect Transistors (FETs), There are several 

different types of FET device including Metal Semiconductor Field Effect 

Transistors (MESFETs), Metal Insulator Semiconductor Field Effect Transistors 

(MISFETs) and Metal Oxide Semiconductor Field Effect Transistors (MOSFETs). 

The insulator material used in MOSFET device is Si02• Hence, the FET device with 

the oxide layer as insulator is referred as MOSFET. The FET device with insulator 

excluding Si02 (i.e. intrinsic diamond) is expressed as MISFET. On the other hand, 

the FET device without insulator is called MESFET. In this case, the metal layers are 

in contact with the semiconductor. 

Table 1.1 shows the comparisons of figures of merit and other properties of diamond 

with the conventional semiconductor materials such as Si, SiC and GaN [62]. It can 

be seen in Table 1.1 that there are three different figures of merit [63-65]. lohnson's 

figure of merit defines the power-frequency for a low voltage transistor. Keyes's 

figure of merit provides a thermal limitation to the switching behaviour of transistors 

used in integrated circuit while Baliga's figure of merit defines the material 

parameters to minimise the conduction losses in power FETs. 
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Table 1.1 Comparisons of figures of merit and other properties of diamond 

with the conventional semiconductor materials such as Si and GaN. 

Properties Si SiC GaN CVDDiamond 

Band gap (e Y) 1.1 3.2 3.44 5.45 

Breakdown Field (MYcm-1) 0.3 3 5 10 

Electron Mobility (cmly-1s-') 1450 900 440 4500 

Hole Mobility (cm"V-1s-I) 480 120 200 3800 

Thermal conductivity (Wcm-1K-1) 1.5 5 1.3 20 

Johnson's Figure of Merit [63] 1 410 280 8200 

Keyes's Figure of Merit [64] 1 5.l 1.8 32 

Baliga's Figure of Merit [65] 1 290 910 17200 

Due to these excellent properties of diamond, diamond FETs have been studied 

intensively and these researches are reviewed here chronologically. The early 

diamond MESFETs were fabricated and reported by Shiomi et al. [66] and 

Gildenblat et al. [67] on boron-doped diamond films grown by the plasma-assisted 

chemical vapour deposition method. No pinch-off characteristics were observed for 

their MESFETs. Later on, many attempts have been made to improve the device 

performance by incorporating a gate insulator so as to reduce the gate leakage current 

[68-69]. This leads to the fabrication of diamond MISFETs. For example, Shiomi 

et al. [68] inserted a 0.23 Jlm thick intrinsic diamond layer between the gate electrode 

and the boron-doped diamond layer. It was reported that the inserted intrinsic 

diamond layer could withstand 70 Y between gate and drain. To fabricate diamond 

MOSFETs, Grot et al. [69] used 0.1 Jlm thick Si02 layer as a gate insulator and 

deposited Au(1250 nm)/Ti(50nm) as metal contacts. Their devices showed field 

control characteristics but did not exhibit complete pinch-off of the channel. 

Tsai et al. [70] reported on the fabrication of a diamond MESFET with the channel 

formed by solid state diffusion in 1990. Boron was diffused into type IIa diamond 

and simultaneously electrically activated by a rapid thermal annealing technique. 

Electrical contacts of Til Au were made on diamond via evaporation, followed by 
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annealing at 800°C for 30 minutes. A low reverse-bias leakage current 

(below 10-12 A at 5 V) was observed. 

Zeisse et al. [71] introduced the ion-implantation process to fabricate diamond 

MOSFETs. In their devices, a boron implanted surface layer on the natural diamond 

serves as a conducting layer and the gate insulator is a 100 nm-thick Si02 layer 

which was deposited by plasma-enhanced chemical vapour deposition (PECVD). 

This was the first reported diamond FET device fabricated by using ion-implantation 

technique. 

Nishimura et al. [72], Grot et al. [73] and Tessmer et al. [74] have fabricated 

MOSFETs on polycrystalline diamond. However, all the devices did not show the 

current pinch-off. The first diamond MESFETs with pinch-off characteristics were 

fabricated by Shiomi et al. [75], in which a self-aligned recessed structure was 

fabricated. 

Dreifus et al. [76] demonstrated diamond MOSFETs that exhibited complete current 

pinch-off in the active channel. The current pinch-off was observed up to 500°C. 

The first diamond MESFET with an ultra-thin boron doped layer (delta layer) was 

fabricated by Shiomi et al. [77]. In their devices, an un-doped 150 nm thick diamond 

buffer layer was grown on type Ib diamond substrate, followed by a 11 nm thick 

boron-doped diamond layer (with doping concentration larger than 1019 cm-3) and a 

75 nm-thick undoped diamond cap layer. The gate length and width used are 4 ~m 

and 39 ~m, respectively. Again, complete pinch-off characteristic was observed in 

these devices. 

In 1997, Looi et al. [78] reported the first normally off enhancement mode diamond 

MESFET device. For these devices, the drain-to-source current was less than 1 nA at 

no gate bias, corresponding to an off-state. By applying negative gate voltage, an 

on-state was established. With a gate voltage of -1.8 V, the drain-to-source current 

magnitude was 4.7 ~A. 
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Hokazono et al. [79] successfully fabricated surface p-channel diamond MOSFET. 

They used SiOx as gate insulator with a gate length of 6 Jlm. The IDS-VDS 

characteristics of the MOSFETs were improved by reducing gate leakage current in 

the MOS structure and current saturation was observed in their devices. By 

employing a stacked gate of CaF 2 and Cu, Saito et al. [80] demonstrated a MISFET 

device with complete current saturation. With a gate length of 1.1 Jlm and a width of 

50 Jlm, the measured maximum drain current density for their devices was 

240 mA/mm at -3 V of gate voltage. 

Surface channel diamond MESFET has been fabricated by Kueck et al. [81]. In his 

work, ohmic contact was deposited onto an oxygen terminated highly boron-doped 

layer with a thickness of 2 nm and a high peak concentration (NA > 1020 cm-\ The 

gate metal was deposited onto the H-induced surface in the channel area of the 

MESFET devices. A drain current density of75 mA/mm and a threshold voltage (VT) 

of -1.5 V was obtained for a 1 Jlm gate length. The historical development of 

diamond FETs is summarised in Table 1.2. 

In this work, MISFET and MOSFET have been successfully fabricated by employing 

highly boron delta (8)-doped diamond layers « 20 nm) with doping concentrations 

from 0.5 to 1 x 1021 cm-3
• The insulator materials used are intrinsic diamond and 

Si02• In addition, gate-recessed MOSFETs have also been fabricated in order to 

enhance the field effect control on the gate channel. 
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Table 1.2 Historical development of diamond field effect transistors. 

Year Diamond FET Researchers References 

1989 MESFET on CVD diamond Shiomi et al. [66] 

1989 MESFET on CVD diamond Gildenblat et al. [67] 

1990 MISFET with CVD intrinsic diamond Shiomi et al. [68] 

1990 MOSFET with Si02 Grot et al. [69] 

1990 MESFET by rapid thermal annealing Tsai et al. [70] 

1991 MOSFET with ion implanted channel Zeisse et al. [71] 

1991 MISFET on polycrystalline diamond Nishimura et al. [72] 

1992 Recessed gate MOSFET Grot et al. [73] 

1992 MOSFET on polycrystalline diamond Tessmer et al. [74] 

1994 Self-aligned gate-recessed MESFET Shiomi et al. [75] 

1994 MOSFET on improved diamond films Dreifus et al. [76] 

1995 8-doped MISFET Shiomi et al. [77] 

1997 Normally-off diamond MESFET Looi et al. [78] 

1999 Surface Channel MOSFET Hokazono et al. [79] 

2005 Diamond MISFET with stacked gate Saito et al. [80] 

2007 Surface Channel MISFET Kueck et al. [81 ] 

1.6 Work Objective and Achievements 

The main objective of this project is to develop new diamond micro-optics and 

micro-electronics for various applications. To achieve these targets, novel fabrication 

processes such as ICP Ar/Ch plasma etching have been exploited and developed. In 

diamond micro-optics, we have designed and fabricated special diamond negative 

micro-lenses, micro-ring and cylindrical lenses, complex lenses and optical gratings. 

The functionalities of such diamond micro-optics are characterised by using Atomic 

Force Microscopy (AFM) and confocal microscopy. In diamond micro-electronics, 

the objective is to develop diamond based FET devices. For making such diamond 

FET devices, realising good metal ohmic contacts on the boron doped diamond 

surface is a key requirement. In this work, we have employed AulTi metal contacts 

as Ti is a carbide forming metal and Ti carbide is readily formed by annealing. We 

have also developed various diamond surface treatment methods including aqua 
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regia etching and laser ablation so as to achieve metal ohmic contacts on diamond 

with a low contact resistance. By using these processes, diamond MISFET and 

MOSFET devices are successfully fabricated. Current-voltage (1-V) characteristics of 

these FET devices were measured so as to evaluate their electrical properties. These 

measured results confirmed the functionalities of the diamond FET devices. 

1. 7 Outline of Thesis 

In this thesis, the studies and research results on diamond micro-optics (micro-lenses 

and grating) and micro-electronics (Field Effect Transistors) are presented. The 

thesis is organised in such a way that the theoretical backgrounds of diamond 

micro-optics and electronics are first described, while the experimental results of the 

project are presented in the following chapters. 

In Chapter 1, the literature review, motivation and objective of this research project 

are presented. In Chapter 2, the physics backgrounds of micro-optics, metal 

semiconductor contacts, Circular Transmission Line Model (CTLM) and Field Effect 

Transistor are described. All the experimental procedures involved in the fabrication 

of both micro-optics and micro-electronic devices will be described in Chapter 3. In 

Chapter 4, the electrical, chemical and surface characterisation techniques will be 

presented. Investigations and results on diamond micro-optics such as micro-lenses 

and optical grating will be discussed in Chapter 5 and Chapter 6. The extensive 

investigations on the process developments such as surface treatment for fabricating 

diamond MISFET and MOSFET devices and results on diamond MISFET and 

MOSFET field effect transistors are reported in Chapter 7 and Chapter 8. Finally, 

conclusions of this research project and suggested future work are presented in 

Chapter 9. 
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Chapter 2 

Physics Background of Diamond Micro-optics and 

Micro-electronics 

2.1 Introduction 

Diamond is a promising material for many applications due to its superior optical and 

electrical characteristics. These properties have enabled diamond to be employed to 

develop novel micro-electronic and micro-optical devices with high performances. 

For this reason, this project concentrates on the two major research areas, namely 

diamond micro-optics and micro-electronics. In micro-optics, optical grating and 

various types of diamond micro-lenses have been successfully fabricated. In 

micro-electronics, diamond Field Effect Transistors (FETs) such as diamond 

MISFETs and MOSFETs, have been fabricated. Physics background on micro-lenses, 

optical gating, metal-semiconductor contact and field effect transistor will be 

reviewed in this chapter in order to gain a better understanding of the principles of 

these components and devices. 

2.2 Micro-optics 

Lately, there has been an upsurge of interest in micro-optics, such as micro-lenses, as 

the benefits of photonics are realised. Development in this area has been helped by 

the fabrication technologies originally devised for silicon. In this work, diamond 

micro-lenses and optical gratings have been developed. To achieve such diamond 

micro-optics, we have also developed the fabrication processes and techniques. 

These fabrication techniques are introduced in Chapter 3. 

In this section, the theoretical background of the micro-optics is presented in five 

subsections. Subsections 2.2.1 to 2.2.3 elucidate the fundamental physics and 

calculations of the micro-lenses whereas subsections 2.2.4 and 2.2.5 describe the 

basic physics for optical gratings and Gaussian laser beam which was employed for 

pumping the diamond micro-lensed ~-vertical-extemal cavity of surface emitting 

laser (diamond micro-lensed ~-VECSEL), respectively. As most of the diamond 
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micro-lenses were fabricated by photoresist retlow technique, the calculation of the 

height variation of the photoresist during the retlow process is introduced in 

subsection 2.2.1. The derivation of the focal length of a micro-lens is given in 

subsection 2.2.2. Subsection 2.2.3 shows the derivation of a circle equation which 

relates to the height and surface radius of a spherical lens and can be used to fit the 

lens profile and estimate its deviation from a ideal circle. Subsection 2.2.4 describes 

the principle of an optical grating. Finally, subsection 2.2.5 shows the derivation of 

the fundamental mode size of Gaussian laser beam. 

2.2.1 Calculation of Height of Photoresist After Reflow Process 

Photoresist retlow method is one of the important techniques to fabricate 

micro-spherical lenses. The retlow process is explained in detail in Chapter 3. In 

this process, the patterned photoresist cylindrical microstructures are heated to the 

melting point. To minimise the surface energy, the cylindrical disks retlow into 

spherical microstructures as shown in Figure 2.1. 

Photoresist 

Substrate 

I 
00 

000 
000 

Substrate 

Figure 2.1 Photoresist reflow process. 
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During the reflow process, the height of the micro-cylindrical disks, hI changes to the 

height, h2 of the spherical microstructures. The reflow process will not change the 

volume and the surface radius of the micro-structure, i.e. rl = r2. 

The volume of a spherical micro-structure is given by: 

.!.;rh2 [3r2
2 + hi. ] 

6 

and the volume of the cylindrical micro-structure can be written as: 

:rr.,2~ 

As the volumes of both micro-structures are the same, thus: 

Since rl = r2 = r, 

(2.1) 

(2.2) 

(2.3) 

Equation (2.3) shows the relationship between hI, h2 and r. As solving the cubic 

equation above is rather complicated, the value of h2 can be obtained by solving the 

equation using a Turbo C programme for any given value of hI and r. The source 

code of the programme is shown in Appendix D of this thesis. Table 2.1 summarises 

the calculated values of h2 at different radiuses, r where hI is kept at 7 /lm which is 

the photoresist thickness we normally used. 

Table 2.1 Heights of the partial spherical micro-structures with various 

radii calculated using Turbo C programming. 

Height of cylindrical Radii (J.lm) Height of spherical 

s tru ctu re, It 1 (J.lm) structure, 1t2 (J.lm) 

7 5 7.7628 

7 25 12.8645 

7 50 13.6601 
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It is observed that the height of the spherical micro-structure, h2, is larger than the 

cylindrical micro-structure, hj. It is noted that the variation of height of the partial 

spherical structure is relatively large for r from 5 to 50 !lm. In this range, the 

percentage in height difference is about 43 %. However, the variation of height when 

r is 25 and 50 !lm for the partial spherical structure is very small, which is only about 

6 % in difference. 

By using the photoresist reflow method to fabricate micro-lenses in substrate such as 

diamond, the photoresist micro-spherical structure (lens structure) is transferred into 

the substrate by dry etching. By using Equation (2.3) and measuring the etch 

selectivity between the photoresist and the substrate, the height of the micro-lenses in 

the substrate can be estimated. From the lens height and radius, the focal length of 

the micro-lenses can be easily calculated. The detailed calculation is described in the 

following section. 

2.2.2 Derivation of Focal Length for a Micro-lens [1-4] 

All the micro-lenses fabricated in this work can be treated as a thin lens as the lens 

height is quite small compared to the surface diameter. In fact, the ratio of the height 

to the diameter of the diamond lenses fabricated in this work is from 0.01 to 0.03. 

Gaussian fonnula for refraction at a single spherical surface is given by [1-4]: 

n] n2 n2 - n] 
-+-=-=---...:.. 
p q R 

(2.4) 

where nj and n2 are the refractive index at medium 1 and 2, respectively. R is the 

radius of curvature for the refraction spherical surface. p and q are the object and 

image distances of the ray, respectively. 

Figure 2.2(a) shows the relationship between the height, h, surface radius, r, and 

radius of curvature, R, of a thin lens with a single spherical surface. The letter "c" 

denotes the centre of the spherical surface which is called optical centre below. 
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(a) 
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Figure 2.2 (a) Schematic diagram of a lens with a single spherical surface 

(upper section of the circle with solid line) with height, II, and surface radius, r. 

(b) A magnified part of the red circled area. 

The relationship between these parameters can be established by using Pythagoras 

Theorem, as shown in Figure 2.2(b), 

R = ,.. 2 + h2 

2h 
(2.5) 

Figure 2.3 shows a ray passing from medium 1 to medium 2 and at the interface, 

there is a spherical surface (lens). The sign convention for a spherical refracting 

surface is given in Table 2.2 where the ray is entering from the left of the spherical 

surface lens. The relationship between the lens ' focal length, object and image 

distances can only be established when the sign convention is followed. Based on 

this sigh convention, if the ray emits from an object is incident from the left of the 
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vertex, the object distance should have a positive value and the image distance 

should be positive if the image is located on the right of the vertex. 

(a) 

(b) 

(c) 

Figure 2.3 

. n, 

p =oo 

------------~--~r· . 
• " ---- -K--.J . q : 
~---- --------------- - --- ----~ 

~ __ K_ 

~-------------E---------::::~~-------~------~ 

p =oo c .-.' , 

: R .----- --- . - :. -----?T-------J 

(a) A parallel ray passes through a convex lens from medium 1 to 

medium 2; (b) A ray that that has been focused in the medium 2 diverged and 

refocused into medium 3 and (c) a parallel ray passes from medium 2 to 

medium 3. 
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Table 2.2 Sign convention for a spherical refracting surface [1]. The ray is 

incident from the left of the surface lens. 

Parameters Sign of "+" Sign of "-" 

Radius of curvature, R Optical centre is right to Optical centre is left to the 

the vertex vertex 

Focallength,J Convergent Divergent 

Object distance, p Left of the vertex Right to the vertex 

Image distance, q Right to the vertex Left to the vertex 

As shown in Figure 2.3(a), the optical centre is located on the right of the vertex. 

Hence, the ray is convergent if n2 is larger than n/. For a parallel incident ray, the 

objective distance is infinite, p = 00. In this case, if the ray is convergent to a focal point, 

the image distance is regarded as the focallengthJ of the spherical surface lens. Using 

Equation (2.4), 

~ + n2 = (n2 - n] ) 
00 J R 

J= n2R 
(n2 - n]) 

By using Equation (2.5), Equation (2.6) can be rewritten as: 

(r2 + h2)n J= 2 
2h(n2 - n]) 

(2.6) 

If the medium 1 is air, i.e. the ray is incident from air (n / = 1) to medium 2 such as 

diamond,J can be rewritten as: 

(2.7) 

Hence, we can use the Equation 2.7 to calculate the focal length of the surface 

spherical lens made on medium 2 from air. 

In this project, we have fabricated diamond complex lenses which consist of two 

surface spherical lenses made on both sides of a diamond substrate. In this case, the 

image formed inside the substrate (medium 2) by the first surface lens can be 
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considered as an object for the second surface lens and re-imaged by the second 

surface lens as shown in Figure 2.3(b). For an object with a finite object distance, 

the second image distance can be calculated by applying Equation (2.4) and (2.5) as 

follows: 

n2 n3 (n3 - n2) - + - = --'----=--
p q -R 

q= (r2+h2)pn3 

2hp(n2 - n3) - (r2 + h2 )n2 

Normally, this second image is formed in the air, i.e. n3 = 1. Hence, if n2 = n, q can 

be rewritten as: 

(2.8) 

Equation (2.4) can also be used to calculate the focal length of a freestanding 

plano-convex lens. In this case, the first plano-surface does not refract a parallel 

beam and the object distance p should be 00 as shown in Figure 2.3( c). By using 

Equation (2.4), the focallengthj of the plano-convex lens can be calculated as: 

!2+!2 = (n3 -n2) 
00 j -R 

j= n3 R 
(n2 -n3 ) 

Again, using Equation (2.5), Equation (2.9) can be rewritten as 

(r2+h2)n 
j= 3 

2h(n2 - n3 ) 

(2.9) 

Here, the n2 is the refractive index of the lens material and n3 is 1 (refractive index of 

air). Thus the j can be simplified as: 

(r2+h2) 
j = -'---_-c-

2h(n2 -1) 
(2.10) 

In this work, various types of diamond micro-lenses have been fabricated. The focal 

length of these micro-lenses can be estimated by using Equations (2.7) and (2.10). 
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2.2.3 Circle Equation for Fitting the Profile of a Micro-lens 

In this work, Atomic Force Microscopy (AFM) has been employed for extracting the 

surface profile of the diamond micro-lenses. The measured cross sectional surface 

profile is fitted by a curvature of a circle. The equation of a circle is given as: 

(2.11) 

where R is the radius of curvature, a and b are the y and x coordinates of the circle 

centre. Figure 2.4 shows a cross-section of a spherical lens. The surface radius and 

height of this lens are rand h, respectively. By assuming the left edge of the 

micro-lens as an origin point with the coordinate of (0, 0), the coordinate of the right 

edge of the micro-lens is thus (2r, 0). The coordinate of the centre of the circle is 

(r, h-R) and thus a = h-R and b = r. 

Figure 2.4 

solid line). 

A two dimensional micro-lens (upper section of the circle with 

By using Equation (2.5) and Equation (2.11), 

(y -h + [r';/}' +(x- r)' = [r' ;hh']' 

y= [r';hh']' -(x-r)' -[";/ -h] (2.12) 
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Hence, Equation (2.12), which contains hand r of a micro-lens, is used to plot a 

circle with hand r as variables so as to fit with the measured surface profile of a 

micro-lens. 

2.2.4 Optical Reflection Gratings 

A repetitive array of diffracting elements, either apertures or obstacles, that has the 

effect of producing periodic alterations in the phase, amplitude, or both of an 

emergent wave is said to be a diffraction grating. Reflection and transmission 

gratings are two well-known optical gratings. In this work, diamond reflection 

gratings have been successfully fabricated and characterised. The principle of a 

reflection grating is reviewed briefly in this section and the experimental results of 

the diamond gratings are shown in Chapter 6. 

Figure 2.5 is the schematic diagram showing the incident and reflected rays at a 

reflection grating. In the diagram, a represents the grating period, ej and em are the 

incident and reflected angles, respectively. From this diagram, the difference of the 

optical path between the two reflected rays separated with a grating period is given 

by: 

AB-CD = a(sinBm -sine;) 

When the difference of the optical path satisfies the condition, 

(2.13) 

where m is an integer and A is the wavelength, the mth order reflection maximum is 

obtained. 
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A~~-

a 

Figure 2.5 Incident and Reflected rays at a reflection grating. 

2.2.5 Gaussian Laser Beam (Derivation of Fundamental Mode Size) 

VECSEL with diamond heat spreader directly mirror coated on its outer surface to 

serve as laser cavity has been developed in this work due to the high thermal 

conductivity of diamond. To ensure stable fundamental mode operation and excellent 

heat dissipation, diamond micro-lensed ~-VECSEL having a highly compact 

plano-concave resonator is preferable so that the fundamental mode size is only 

determined by the physical characteristics of the cold cavity [1-2]. The device was 

then pumped with laser beam through the heat spreader in order to examine the 

cavity properties. 

In order to obtain a high quality output laser beam, the condition of mode-matching 

has to be met. Mode matching occurs when the spot size of the pumping beam 

matches the fundamental mode size in the active region. The calculation of the laser 

fundamental mode size is therefore an important parameter in the device design. In 

this section, the physics of the Gaussian beam propagation is presented in order to 

determine the fundamental mode size, as described in Chapter 5. 

Gaussian laser beam is a beam of electromagnetic radiation whose transverse electric 

field and intensity distributions are described by Gaussian function. The Gaussian 
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beam propagates in the z direction [1]. The fundamental mode is close to a pure 

Gaussian and its size can be inferred from the rules of Gaussian Optics. On the other 

hand, the transverse mode of the laser beam can be approximated by 

Hermite-Gaussian polynomials. 

In general , there will be a minimum cross section or beam waist radius, OJo ' between 

the mirrors of a laser resonator. The characteristics of the propagation of the laser 

beam in the z direction can be expressed using OJo and the radius of curvature of the 

wavefront comprising the beam, R(z), as shown in Figure 2.6. 

Figure 2.6 

t 
I OJ( z) ..e---~ 

I 
I 

M--~ z= O 
I 
I 
I 

A Gaussian beam propagates in the z-axis. 

A more complex analysis of electromagnetic waves in the cavity, setting z = 0 at the 

beam waist, yields the beam waist radius (or the half-width) at any location z: 

m(z) = m,, ~1 +(:,)' 
A practical way to measure the divergence of the beam is the distance over which its 

cross sectional area doubles. This occurs when the value of z for OJ( z) = .fiOJo . This 

special distance is called Rayleigh range [1], zo' where 

(2.14) 
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Hence, m(z) can be re-written as [1]: 

(2.15) 

where Ao is the wavelength of the laser in vacuum and n is the refractive index. The 

shape of the beam as specified by Equation (2.15) is a hyperbola of revolution about 

the z-axis. The smaller the beam waist (or cross section area), the smaller the 

Rayleigh range and hence the faster the beam diverges. 

The radius of curvature of the wavefront comprising the beam can be expressed by: 

By employing Equation (2.14) [1], 

(2.16) 

For any laser cavity, the radius curvature of the wave front must match those of the 

mirrors on reflection. This is imperative in order to have a stable cavity mode, 

i.e. a mode that repeats itself after each round-trip. The boundary conditions are: 

R '(1) = nR 

R '(0) = 00 

(microlens plane) 

(mirror plane) 

(2.17) 

In this case, R is the radius of curvature of the micro-lens. Section 5.3.2 clearly 

shows the design of the micro-VECSEL, a semiconductor chip integrated with 

micro-lens. Using Equation (2.16) and (2.17), 

1 

ill, =[~; ~n: -IT (2.18) 

Equation (2.18) is the fundamental mode size of the Gaussian beam in the laser 

cavity of the micro-lensed Jl-VECSEL device. 

37 



Chapter 2 Physics Background of Diamond Micro-optics and Micro-electronics 

2.3 Diamond Micro-electronics-Metal-Semiconductor Contact and Circular 

Transmission Line Method (CTLM) 

It is imperative that a semiconductor device can be connected to the outside world 

with no adverse change to its current-voltage characteristics and no additional 

voltage drop. This can be accomplished only through low-resistance ohmic contacts 

on the semiconductor. An ideal ohmic contact is the one, when combined with the 

semiconductor, its carrier flow does not encounter any barrier under positive or 

negative bias. In principle, this ideal case occurs when the work-functions of the 

semiconductor and the contact metal are about the same, and there are no appreciable 

interface states which tend to pin the Fermi Level. In practice, this ideal case is not 

easily achievable as the work-function of the semiconductor varies with doping 

concentration. For a wide band gap semiconductor such as p-doped diamond, there is 

an added difficulty because it is almost impossible to find a metal that has a large 

enough work-function. Hence, it is not an easy task to achieve a good ohmic contact 

between p-doped diamond and metal. 

In order to provide some understanding on ohmic contacts, basic physics of 

metal-semiconductor contact is briefly discussed in this section. In addition, the basic 

principle of contact measurement method based on the circular transmission line 

method (CTLM) and used to estimate the specific contact resistance Pc in this work is 

introduced. 

2.3.1 Metal to p-type Semiconductor Contact 

When a metal and a semiconductor with different work-functions are brought into 

contact at thermal equilibrium, their Fermi levels are forced to align [5-6]. The 

energy band diagrams for the metal to a p-type semiconductor [5-6] are shown in 

Figure 2.7. The ohmic or rectifying characteristics of the contact depends upon the 

work-functions of the metal (qrpm) and the semiconductor (qrps). Ec, Ev and EFs as 

shown in Figure 2.7 are conduction band, valence band and surface Fermi level of 

the semiconductor, respectively. 
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Energy band diagrams of metal to p-type semiconductor contacts. 

With reference to Figure 2.7, it can be observed in Figure 2.7(a) that the energy band 

in the p-type semiconductor bends downward and hence causes hole depletion near 

the surface of the semiconductor while an accumulation layer is formed in Figure 

2.7(b) due to the upward energy band bending in the semiconductor which causes 

hole accumulation. This indicates that for a metallp-type semiconductor contact, if 

qrpm > qrps, the contact is ohmic and the contact becomes rectifying when qrpm < qrps. 

According to the Schottky-Mott model [5-6], there is a Schottky barrier in the 

rectifying contact. On the other hand, Schottky barrier cannot be seen in the energy 

band diagram if the metal-semiconductor contact is in ohmic contact. 
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The height (qrpBp) of the Schottky barrier for a p-type semiconductor which is an 

energy level relatived to the Fermi level, as indicated in Figure 2.7 (a), is given by 

[6]: 

(2.19) 

where qX is electron affinity of the semiconductor, Eg is the semiconductor band gap 

and qrpBp is the Schottky barrier height of the rectifying contact. 

Several other interfacial phenomena also affect contact resistance including surface 

states present at the semiconductor surface, causing the barrier height to be less 

sensitive of the metal work function (qrpm). An explanation of this weak dependence 

on qrpm was described by Bardeen [7]. 

As shown in Figure 2.8, the Fermi level is 'pinned' by the high density of surface 

states, and is given by: 

qrpBp= qrpo (p-type semiconductor) 

where qrpo = Neutral energy level and qrpBp = barrier height. 

(2.20) 

The meaning of qrpo is explained with reference to Figure 2.8. Native oxide usually 

appears on semiconductor materials. Assuming a continuous distribution of surface 

states at the interface between the semiconductor and the metal, a series of energy 

levels are formed on the surface. Among these, the energy level which coincides with 

the Fermi level when forming the metal-semiconductor is called the neutral energy 

level qrpo. This neutral energy qrpo specifies the energy level below which all surface 

states are filled for charge neutrality at the surface [7]. 

The higher the density of surface states is, the lesser is the deviation of qrpo from EFs. 

As a result, the barrier height, qrpBp, is given by Equation (2.20). It is seen that it is 

determined by the property of the semiconductor surface and is independent of the 

work-function of the metal. 
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Surface states- native oxide 

Metal Semiconductor 

---------:.----Ec 

- - ~~-H~ ~t ~ ~-+----';_q_-iP_o-_-_---------------!....------_-_--_-_-is 

Figure 2.8 Metal to p-type semiconductor contacts with surface states. 

From the above mentioned two models, the Schottky-Mott model and the Bardeen 

model, the Schottky-Mott model is not suitable for metal/p-doped diamond 

(oxygen-terminated surface) contact as the Fermi level is strongly pinned at the 

diamond surface [8], presumably due to the covalent nature of the diamond which 

tends to offer a high density of surface states [8]. Nevertheless, Schottky-Mott model 

may provide some useful guide on the choice of the metal system for the p-type 

semiconductors including diamond. On the other hand, Bardeen model may be 

suitable for the metal/p-doped diamond contacts. In this case, to form ohmic contacts 

on oxygen-terminated diamond surface, metals with higher work function are not 

necessary Consequently, Ti with a work function of 4.33 eV [9-10] has been chosen 

in this work. Although the work function of Ti is not very high, by high temperature 

annealing, a carbide compound known as TiC can be formed on the Ti/diamond 

interface which can lower the specific contact resistance by either reducing the 

depletion width or lower the barrier height, and thus enhancing the tunnelling process 

[10]. In this work, Ti based contacts on p-type diamond were investigated and used 

for developing diamond FET devices. 

It is also important to note that the current conduction across a metal/semiconductor 

contact can be due to thermionic emission and tunnelling (field emission), depending 

on the doping concentration of semiconductor. 
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For metal/semiconductor contact, a useful characteristic energy Eoo is defined as [6]: 

~D Eoo = 0.5(qli) -.-
m 8~ 

(2.21 ) 

where q is electronic charge; Ii is Planck's constant; ND is doping level of the 

semiconductor; m*is hole tunnelling effective mass (0.81mo for diamond [11]); 

andes is permittivity of semiconductor (5.7 £0 for diamond [12]). 

For Eoo » kT, field emission is the dominant current transportation mechanism 

through the metal/semiconductor interface. Therefore, one can infer from Equation 

(2.21) that, for a constant temperature, a highly doped semiconductor material is 

essential to form an ohmic contact. The doping levels in all the diamond samples 

used in this project are high, i.e. _1020 cm-3
• According to Equation (2.21), the 

characteristic energy, Eoo has been calculated to be more than kT. Hence, the field 

emission should be considered. 

2.3.2 Specific Contact Resistance 

For a contact between two dissimilar materials, such as metal and semiconductor, 

there exists a total contact resistance, Rc. The magnitude of Rc is determined by the 

contact geometry and area. Thus, this total contact resistance, Rc is not a suitable 

parameter to characterise the contact. The parameter that is independent on the 

geometry of the contact is known as the specific contact resistance, Pc. It is defined 

as the contact resistance of a unit area of the thin interfacial layer normally between a 

metal contact and a semiconductor substrate (Figure 2.9), as given by [9], 

pc=[8V] [n.cm2
] 

8J v=o 
(2.22) 

where J = Current density through the interface; and V = Potential drop across the 

interface. 
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Metal Contact 

Semiconductor 

Figure 2.9 Physical layout of a metal/semiconductor contact. 

As the specific contact resistance pc cannot be measured directly, several approaches 

[13-14] have been used to model the current-voltage behaviour of a contact and to 

extract pc from the measured current (I) and voltage (V) characteristics. One of the 

approaches is circular transmission line method (CTLM) and the basic principle of 

CTLM will be presented in the following section. 

2.3.3 Circular Transmission Line Method (CTLM) 

2.3.3.1 Contact Geometry 

The test pattern of either circular (Figure 2.10) or rectangular (Figure 2.11) geometry 

is commonly used to determine the contact behaviour and specific contact resistance 

in semiconductor devices [13]. A mesa structure is needed for the rectangular test 

pattern [13] so as to eliminate the current flow from the edges of the pads as shown 

in Figure 2.10. For circular test patterns, such complication can be totally avoided as 

there is no unwanted current flow pattern and hence the specific contact resistance 

can be measured with high accuracy. Thus, the circular test pattern, as shown In 

Figure 2. 10, has been chosen in this work. 
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Figure 2.10 A CTLM pattern. '0 and " are the radii of the inner and outer 

circular contacts; and d is the spacing between '0 and 'I. 

Contact Pads 

Figure 2.11 Rectangular pattern where W is the width, I is the length of the 

pads and d is the contact pad separation. 

2.3.3.2 Derivation of Specific Contact Resistance 

The experimental setup for measuring the specific contact resistance by using the 

CTLM method is shown in Figure 2.12. By connecting to a Precision Parameter 

Analyser, a constant current (io) flows through the inner and outer circular contact 

pads. The voltage drop, LtV, across the two pads is given by [13]: 

llV = i() R, [In(!iJ+~ Io(r" / LT ) + LTKo(rl / LT)] 
2n r() r" II (r" I LT) r l KI (rl I LT ) 

(2.23) 
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where Rs is semiconductor sheet resistance; LT is transfer length; 10 , h Ko, K, are 

modified Bessel Functions; and ro , rl are the radii of the inner circular contact and 

the outer contact (Figure 2.12). 

Connected to Prec ision 
Parameter Analyser 

Outer contact pad 
- - +--

Connected to Prec ision 
Parameter Analyser 

Inner contact pad 
~'~.A~--r-

CTLM 
structure 

Figure 2.12 Experimental setup for measuring specific contact resistance. 

The transfer length, LT, is related to the specific contact resistance, pc, and the sheet 

resistance, Rs, of the semiconductor and is given by: 

(2.24) 

In the cases where ro and rl are greater than LT by at least a factor of 4, both lolll and 

KoIK, approximate to unity [13]. Thus, considering the d = r, - ro, Equation (2.23) 

becomes: 

(2.25) i1V = ioR, [In(-'1 J+Lr(~+-l J] 
2n r - d r r - d I I I 

The total resistance (R T) between the contacts is defined as the ratio of the voltage 

(i1V) and the current (io): 
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Thus 

Since 21t(r, - d) » d, Equation (2.26) can be simplified as: 

Rr =~[d +2Lr] 
2JZrl 

(2.26) 

(2.27) 

From Equation (2.27), it can be seen that the relationship between Rr and the contact 

pad spacing, d is linear if r, is a constant. 

By measuring the total resistance Rr at different pad spacings d (i.e. different CTLM 

patterns), a straight line of Rr versus d can be plotted, where the slope of the line is 

~ and the interception of the line with the vertical RT"axis is Rs [Lr], as shown 
2JZrl WI 

in Figure 2.13. Thus, the values of the transfer length Lr and sheet resistance Rs can 

be obtained as shown below: 

Rr 

Lr = interceptionl(2 x slope) 

Rs= (slope) x 2nr, 

! 
: 
: 

........................................................................ ~ 

Slope= ~ 
2JZrl 

............................ 

~--~-------------------------+d o 

(2.28) 

(2.29) 

Figure 2.13 The linear relationship of RT versus d can be used to deduce the 

specific contact resistance Pc. 
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Using Equation (2.24), Equation (2.28) and Equation (2.29), the value of specific 

contact resistance, pc, can then be obtained: 

pc = (Lr)2 x Rs (2.30) 

2.4 Micro-electronics - Field Effect Transistors 

The main function of a Field Effect Transistor (FET) is to act as a digital switch. The 

FET is used extensively in digital circuit applications and due to its small size, 

millions of devices can be fabricated in a single integrated circuit. a FET device has 

three terminals: source, drain and gate. In normal use, the load current flows between 

source and drain and this current is controlled by the gate voltage which generates an 

electrical field in the gate area. The name of field effect transistors refers to such 

current control by the electrical field. 

The FET family can be divided into three major groups. There are Junction Field 

Effect Transistor (JFET), Metal Semiconductor Field Effect Transistor (MESFET) 

and Metal Insulator Semiconductor Field Effect Transistor (MISFET). Metal Oxide 

Semiconductor Field Effect Transistor (MOSFET) can be categorised in the family 

ofMISFET. The gate used in MOSFET is normally silicon dioxide (Si02). However, 

the insulator used in MISFET may not necessarily be silicon dioxide. In this work, 

diamond MISFET and MOSFET with gate materials of intrinsic diamond and Si02, 

respectively, have been successfully fabricated. The physics principles are basically 

the same for both MISFET and MOSFET devices. We describe the operation 

principle ofMOSFET devices in the following section. 

2.4.1 MOSFET-Basic Principle and Operation 

As the diamond MISFET or MOSFET devices fabricated in this work are based on 

p-doped diamond, only p-MOSFET will be discussed in this section. A simplified 

structure of a p-channel MOSFET is shown in Figure 2.14. In such devices, the 

current is created by the flow of holes in the channel. The device is thus called the 

p-channel MOSFET. It can be seen From Figure 2.14, that two p-type regions called 

the drain and source areas are located on either side of the gate oxide. The region 

under the gate oxide is referred to as the channel region. The channel length and 
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channel width of this device are labelled as Land W, respectively, as shown in Figure 

2.14. Normally, a channel length greater than approximately 2 ~m is considered to be 

a long chaImel device [15]. 

Source Gate Drain 

n-t e substrate 

Figure 2.14 Basic structure of a p-channel MOSFET (P-MOS). 

In MOSFET, there are two operation modes, namely enhancement mode and 

depletion mode. Figure 2.15(a) and 2.15(b) show a p-channel enhancement mode 

MOSFET and a p-channel depletion mode MOSFET, respectively. In a p-channel 

enhancement mode device, a negative gate voltage must be applied so as to create an 

inversion layer of holes under the gate which will "connect" the p-type source and 

drain regions. The inversion layer is actually a layer of holes which is normally 

referred to as the channel region. This inversion layer is induced by the strong 

vertical electric field due to the negative voltage applied. 
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Source Gate Drain 

n-type substrate 

(a) 

Source Gate Drain 

n-type substrate 

(b) 

Figure 2.15 Cross section for a p-channel (a) enhancement-mode MOSFET 

and (b) depletion mode MOSFET. 

When the source-to-drain voltage, VsD, is applied, holes flow from the source 

through the channel to the drain terminal. The polarity of VSD is always opposite to 

VDS. The same case is applied to Vsc and Vcs. Hence, the drain current, l D, is 

generated. Under the same VDS, the strength of this l D current depends on the amount 

of carriers (holes) in the channel region and thus in turn, l D is a function of the 

vertical electric field in the channel region. Due to this reason, the term field effect is 

used for afield effect transistor in which the current is controlled by an electric field 

perpendicular to the flow of charges. 

On the other hand, a p-chalmel region exists in a depletion mode MOSFET device 

even with zero gate voltage. This is due to the presence of a p-doped layer under the 

gate terminal which is normally created via ion implantation process. In this work, 

depletion mode MOSFET and MISFET devices have been developed. The p-channel 
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used in this project is a highly boron-doped diamond layer. Hence, a positive gate 

bias is needed in order to "disconnect" or pinch-off the p-channel. Also, intrinsic 

diamond has been used as a substrate instead of the n-doped diamond substrate. It is 

due to the difficulty in doping the n-type diamond [16]. Nevertheless, the 

fundamental physics of the field effect transistor (FET) with n-type substrate should 

be applicable to the diamond FET with intrinsic diamond as substrate. The diamond 

MISFET and MOSFET devices developed in this research project are depletion 

mode devices which will be described in Chapter 8. 

2.4.2 Energy Band Diagram of a MOS Device 

The structure and principle of a MOS device be explained by using Figure 2.16. By 

applying a bias, an electric field is induced in the oxide layer. The magnitude of the 

electric field , E, is given by: 

E=V 
d 

(2.31 ) 

where V is the bias voltage and d is the thickness of the oxide layer. Due to the 

applied bias, the negative charges are distributed at the metal-oxide interface, which 

attracts the opposite sign charges-holes in the p-type semiconductor. As a result, 

holes accumulate at the oxide-semiconductor junction. 

V 

+ 

Figure 2.16 A MOS structure with steady-state accumulation layers of holes 

adjacent to the semiconductor-oxide interface with negative bias. 
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When a p-MOSFET is connected to the ground, VG = 0, there is no net charge in the 

semiconductor. All energy bands are flat, as shown in Figure 2.17. 

E
FA1

_V,_G_ =_0-4 

Oxide p-type semiconductor 

I---------Ec 

........................................... .. ..................... EFi 

--------------E~ 

1--------- Ev 

Figure 2.17 Energy band diagram with zero gate voltage applied. 

There are four bias conditions in a p-chalmel depletion mode MOSFET that lead to 

the changes of the energy band diagram as illustrated in Figure 2.18. 

a) Accumulation 

This occurs when the gate potential attracts the majority carriers (i.e. holes) in the 

p-channel. When a negative gate bias is applied, there will be an accumulation layer 

of holes forms adjacent to the oxide surface and negative charges on the metal gate. 

Thus, the valence band of p-semiconductor must then move closer to the Fermi level, 

as shown in Figure 2. 1 8(a). 

b) Depletion 

It occurs when the gate potential repels the majority carners (i.e. holes) in the 

p-channel. When a positive gate voltage is applied, a negatively charged depletion 

region is induced in the p-semiconductor. Hence, the energy bands bend downward, 

as shown in Figure 2.l8(b). Positive charges distribute on the metal gate. 
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Figure 2.18 Energy band in the p-type semiconductor for (a) Vc < 0 

(accumulation), (b) Vc > 0 (depletion), (c) Vc = Vr (inversion) and (d) Vc > Vr 

(strong inversion). 
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c) Inversion 

It occurs when a larger positive gate bias is applied to the gate, which increases the 

electric field substantially. Consequently, the corresponding positive and negative 

charges on the MOS device increase. The sharp increment of negative charges in the 

p-semiconductor induces a large space charge region and more band-bending as 

shown in Figure 2.18(c). The intrinsic Fermi level (EFi) of the p-semiconductor is 

now below the surface Fermi level (EFs). Thus, the conduction band is closer to the 

Fermi level than the valence band. This result implies that the surface of the 

semiconductor adjacent to the oxide is now n-type. This sufficiently large positive 

gate voltage at which the semiconductor inverts from a p-type to n-type 

semiconductor is known as threshold voltage (Vr). At this high gate voltage, an 

inverse layer of electrons at the oxide-semiconductor interface is created. 

d) Strong inversion 

This occurs when a much larger positive gate voltage is applied which induces far 

more minority carriers (i.e. electrons) than the majority carriers (i.e. holes). For a 

larger applied positive gate voltage, much more band bending occurs as shown in 

Figure 2.18( d). In this case, the conduction band at the surface moves closer to the 

Fermi level so that the semiconductor surface becomes more n-type. 

2.4.3 Current-Voltage Relationship - Basic Concepts 

For a long-channel device (channel length> 211m), the vertical electric field is 

induced by the gate voltage. This electric field will create an inversion layer of holes 

in the channel region. The electric field induced by the source-drain voltage 

(horizontal field) causes the holes in the inversion layer to flow from the source to 

the drain. In a long channel device, both electric fields are independent of the charges 

in the channel while both of the electric fields become dependent on the charge in a 

short channel device. 

Figure 2.19(a) shows a basic p-MOSFET structure for the case when VGS < Vr and 

the applied VSD voltage is small. The thickness of the inversion channel layer in 

Figure 2.19(b) quantitatively represents the relative charge density, which is 
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essentially constant along the entire channel length. The corresponding ID versus VDS 

curve is shown in the figure as well. 

When VSD increases, there is a voltage drop across the channel near the drain 

terminal as illustrated in Figure 2.19(b). Hence, the induced inversion charge density 

near the drain terminal decreases, as illustrated in Figure 2.19(b). So, the 

conductance of the channel decreases, resulting in a decrease of the slope of the ID 

versus VDs curve. 

When VSD increases to the point VSD(sat} where the voltage drop at the drain terminal 

is equal to VT, the induced inversion charge density is zero at the drain terminal. This 

effect is schematically shown in Figure 2.19( c). At this point, the conductance at the 

drain is zero, which means that the slope of the ID versus VDS is zero. Hence, 

v.\)f) (sat) = VSG + Vr (2.32) 

Thus, VSD(sat) is the source-to-drain voltage which produces a zero inversion charge 

density at the drain terminal. 

When VSD becomes larger than the VsD(sat) , the point of zero inversion charge 

density in the channel moves toward the source terminal. In this case, holes enter the 

channel from the source, travelling through the channel toward the drain. At the point 

where the induced inversion charge density goes to zero, the holes are injected into 

the space charge region where they are swept by the electric field to the drain 

terminal. If the change in the channel length (ilL) is small compared to the original 

length, L, then the drain current will be constant for VsD> Vsdsat}. When this occurs, 

the region of the ID versus VDS characteristics is referred to as the saturation or 

pinch-off region, as shown in Figure 2.19( d). 
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Figure 2.19 p-MOSFET structure and ID versus VDS for (a) a small VSD value, 

(b) a larger VSD and (c) VSD = VSD(sat) and (d) VSD > VsD(sat) . 
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The drain current for a p-MOSFET in non-saturation region is given by: 

I I) = K " l2(Vs(; + VI' )Vs/J - V,\/) 
2 
J (2.33) 

where Kp is a conduction parameter. In this case, Kp is a function of hole mobility, f/p, 

oxide capacitance, Cox, and the channel width-to-length ( : ) ratio: 

(2.34) 

The drain current in the p-MOSFET in the saturation region is given by: 

I f) =K,, (Vsc; +Vr)2 (2.35) 

The 10 current will be cut off when Vcs reaches the threshold voltage, Vr, as shown 

in Figure 2.20. 

o Vr 
----------.-~~---------.Vcs 

10 

Figure 2.20 ID versus Vcs for a p-channel depletion mode MOSFET. 

For a p-MOSFET, a positive gate voltage will induce a space charge region under the 

oxide layer, reducing the thickness of the p-charmel region. The reduction in the 

thickness of p-channel region will decrease the channel conductance, which in turn 

reduces the drain current. On the other hand, a negative gate voltage will create a 

hole accumulation layer, which increases the drain current. Typical current-voltage 

curves for a p-MOSFET with different gate voltages are shown in Figure 2.21. It can 

be seen that the 10 is higher when the gate bias is more negative. 
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Figure 2.21 ID versus VDs curve for a p-channel depletion mode MOSFET. 

2.5 Summary 

In this chapter, the physics of micro-optics, such as micro-lenses and grating has 

been introduced. In addition, the derivation of the fundamental mode size of a 

Gaussian laser beam has also been demonstrated. Moreover, metal semiconductor 

contacts and Circular Transmission Line Method (CTLM) required for the 

fabrication of micro-electronic devices have been presented. According to the 

Bardeen model, formation of an ohmic contact on p-doped diamond is independent 

of the metal work function. Hence, the metal with the capability in forming carbide 

easily, such as Ti with the work function of 4.33 eV, is chosen in this work. It has 

been seen that the CTLM structure is a common and useful technique to determine 

the specific contact resistance, Pc, as it is simple and easy to use. Finally, the 

fundamental physics of the MOSFET such as the basic operation, the energy band 

diagram of a MOS structure and the current-voltage relationship of a p-type 

MOSFET have been shown. 
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Chapter 3 

General Photolithographic Processes for Fabricating 

Diamond Micro-optics and Micro-electronics 

3.1 Introduction 

In this chapter, the fabrication techniques developed for making diamond 

micro-optics and micro-electronic devices are described. In this work, various types 

of diamond micro-optics have been fabricated including positive (or convex), 

negative (or concave) spherical micro-lenses, micro-cylindrical and micro-ring lenses, 

complex positive micro-lenses and gratings. Except for the negative micro-lenses and 

diamond gratings, the procedures for fabricating the above-mentioned micro-optics 

are relatively similar. The negative micro-lenses were fabricated by adopting a 

hot-embossing method and a hard mask (e.g. Si02) technique was used to fabricate 

the diamond gratings. The fabrication of diamond micro-electronic devices, such as 

Metal Oxide Semiconductor Field Effect Transistor (MOSFET), involves the ohmic 

contact formation in addition to the device structure fabrication. The common 

processes used in each fabrication step will be described in Sections 3.2-3.10, so as 

to provide a clear picture of the fabrication procedure. 

3.2 Surface Cleaning 

Prior to photoresist application, the diamond surface should be cleaned with acetone 

to remove the organic contaminants, followed by methanol to remove the residue of 

acetone, as acetone is not dissolvable in water. The sample is then rinsed with DI 

water and subsequently dried. Cleaning steps are required because of the inevitable 

contamination which occurs during storage and handling between processing steps. 

Contaminants may consist of atomic, ionic, or polymer layers, which are sometimes 

very difficult to detect. Such films can cause gross resist adhesion failure during 

development or etching processes. Thorough cleaning method using piranha solution 

(a combination of sulphuric acid (H2S04) and hydrogen peroxide (H202) with H2S04: 

H20 2 = 4: 1) to remove any organic contaminant on diamond has also been adopted 

following the acetone and methanol cleaning. A combination of H2S04 with a strong 
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oxidising agent such as potassium nitrate (KN03) or H20 2 can lead to a change in the 

termination of the diamond surface, in this case, to oxygen-terminated surface [1]. 

3.3 Silicon dioxide (Si02) Deposition 

A layer of Si02 was deposited using Plasma Enhanced Chemical Vapour Deposition 

(PECVD) on the diamond substrate. This layer served as an insulator for MOSFET 

fabrication. The recipe used is given as follows. The flow rate of silane and nitrous 

oxide was set as 170 and 710 sccm, respectively. The RF power and temperature 

used are 70 Wand 300°C, respectively. The deposition rate is about 0.45 nm/s. 

3.4 Photolithography [2-3] 

In microelectronics, the word "lithography" is commonly used to describe a process 

in which a pattern is delineated in a layer of material sensitive to photons, electrons 

or ions. In this project, optical lithography or photolithography is used. The overall 

procedure of the photolithography is summarised in Figure 3.1 and will be described 

in subsequent sections. 

Dehydration of sample 

Apply adhesion promoter (HMDS) 

Spin (at 4000 rpm for 30 s) 

Apply photoresist (SPR 220 or S 1818) 

Spin (at 4000 rpm for 30 s) 

Soft-Bake PR (at 90 or 110°C for 1 min) 

Expose PR to UV (250 m W for 30s or 8s ) 

Develop PR in Microposit Developer (30 s) 

Hard-Bake (at 125°C for 2 mins) 

Figure 3.1 Process steps of photolithography. 
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3.4.1 Photoresist 

Photoresists are organic compounds whose solubility changes when exposed to 

ultraviolet light. The regions in the photoresist that are exposed to light become 

either more soluble or less soluble in a solvent called developer. When the exposed 

regions become more soluble, a positive image of the mask is defined in the 

photoresist, and the compound is called positive resist (PR). Two photoresists were 

used in this research, i.e. SPR 220 and S 1818. 

3.4.2 Photoresist Application 

Dehydration of the diamond substrate prior to photoresist coating is necessary to 

ensure a hydrophobic sample surface for good resist adhesion. Dehydration bake is 

achieved by heating the sample at about 120°C for 15 minutes to evaporate the 

moisture from the surface and also volatile residual organic contaminants. It is also 

important that the substrate be coated with resist immediately after surface 

preparation to avoid re-adsorption of water on the substrate. 

Adhesion promoters are used for good adhesion to the substrate. The most common 

adhesion promoter is hexamethyldisilazane (HMDS). HMDS is coated onto the 

sample before it is spun at 4000 rpm for 30 s. After a minute, the photoresist is 

dispensed onto the sample, which is then accelerated up to a constant rotational 

speed for 30 seconds. In this case, SPR 220 is used and the photoresist thickness is 

about 7 Jlm if the spinner is set to 4000 rotational per minute (rpm). SPR 220 

photoresist is a thick photoresist and hence it is normally employed in the 

micro-optics fabrication. However, thin photoresist such as S 1818 is used if the 

metal lift-off process is required. The thickness of this photoresist is about 1.8 Jlm for 

the spin speed of 4000 rpm. The S 1818 photoresist is therefore being used for 

micro-electronic fabrication. 

3.4.3 Photoresist Soft-Bake 

After photoresist coating, the diamond substrate is gIven a pre-expose bake 

(known as soft bake) to remove the resist solvent and increase the resist adhesion. 

This also causes the resist thickness to decrease and its surface to become less 
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susceptible to particulate contamination. Pre-expose or soft-bake for SPR 220 

photoresist is performed at 90°C for 1.5 minutes but at 110°C for 1 minute for 

S 1818 photoresist. 

3.4.4 Photoresist Exposure 

To make a photoresist pattern, the diamond substrate is placed in a Karl Suss MA 6 

Mask Aligner and is brought into contact with a photo mask. The mask and substrate 

are then exposed to the UV light (power 250 m W, wavelength of 365 nm) in the 

mask aligner with an optimised exposure time for different photoresists. The 

exposure times used for SPR 220 and S 1818 photoresists are 30 seconds and 8 

seconds respectively. 

3.4.5 Photoresist Development 

Development is a critical step in photoresist processing and plays a key role m 

defining the resist profile and controlling the line-width. In this work, a Microposit 

developing solution is used. The photoresist developing depends on the exposure 

time and the power of the lamp. For this experiment, the developing time for both 

SPR 220 and S 1818 are 30 seconds using diluted (dilute ratio of 1: 1) Microposit 

developer. 

3.4.6 Photoresist Hard-bake 

After development, the sample is put through a hard-bake process. The purpose of 

hard-bake is to drive out the remaining solvents in the photoresist, strengthen the 

photoresist, and most importantly to improve the photoresist etching resistance. 

Hard-bake could also improve the adhesion of photoresist to the diamond substrate 

due to further thermal dehydration. The hard-bake time and temperature for 

micro-lenses fabrication were set to 2 minutes and 120°C, respectively. On the other 

hand, the fabrication of micro-electronic devices which employing the S 1818 

photoresist requires the hardbake temperature of 115°C for 1 minute. Both 

hard-bake time and temperature must be carefully controlled since under-baking may 

cause high photoresist etch rate and affects its adhesion on the sample whereas 

over-baking can cause bad resolution. 
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3.4.7 Photoresist Reflow Process 

Photoresist reflow method is a technique to form spherical micro-lenses. The basic 

principle requires exposing and developing photoresist to leave small pedestals. Once 

the pedestals have been formed, the photoresist temperature is raised above its glass 

transition temperature (Tg) [4]. Above this temperature, the photoresist becomes 

liquid, flows and the final form taken is determined by the surface adhesive forces 

and surface tension of the photoresist [4]. To form micro-spherical lens in our work, 

a 7 /lm thick layer of Shipley SPR220 photoresist was first spin-coated onto the 

diamond substrate. After mask patterning, the photoresist pillars were formed. The 

substrate was then placed on a hotplate at 125°C for 2 minutes to allow the 

photoresist pillars to re-flow. Due to the surface tension, spherical lens structures 

were formed. These lens structures were then transferred onto the diamond substrate 

by ICP etching using Ar/Ch plasma. 

3.5 ICP Etching 

3.5.1 ICP Plasma [2-3] 

Plasma processes are widely used in semiconductor processing. Plasma is defined as 

an ionised gas with equal numbers of positive and negative charges. More precisely, 

plasma is a quasi-neutral gas of charged and neutral particles that exhibits collective 

behaviour. The plasma source used in this experiment is an Inductively Coupled 

Plasma (ICP). Plasma processes could be used for pattern etching or causing etch­

induced damage. Pattern etch will selectively remove materials from the designated 

areas and transfers the pattern from photoresist or hard mask to the substrate films. 

3.5.2 Chemical, Physical and Reactive Ion Etches [3] 

Basically, there are three types of etch processes: pure chemical etch, pure physical 

etch, and something in between called reactive ion etch (RIE). For pure chemical 

etch, there is no physical bombardment. Materials are removed solely by chemical 

reaction. The etch rate of the pure chemical etch could be very high or very slow, 

depending on the process. It is usually used for strip processes. In pure physical etch, 

the material is physically dislodged from the surface by the energetic ions. The etch 

rate for the pure physical etch is normally slow. Reactive ion etch is also called ion 
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assistance etch, since the ions in this etch process are not necessarily reactive. 

Reactive species in most etch processes are neutral free radicals, which normally 

have higher concentrations than the ions in the semiconductor etch processing 

plasmas. The reason is that the activation energy for ionisation is normally 

significantly higher than the activation energy for dissociation, and the species 

concentration is exponentially related to the activation energy. 

3.5.3 Etch Process [3] 

In the plasma etch process, a STS (Surface Technology Systems) ICP etching tool is 

used. It consists of two chambers, a load-lock chamber and a process chamber and 

two RF powers, ICP paten and coil powers. The chuck temperature could be altered 

by changing the electronic heat controller. The sample is held onto a silicon tray 

before loading into a load-lock chamber. The silicon tray is transferred into the 

process chamber after the load-lock chamber has been pumped down to 80 mTorr. 

The etchants (Ar and Ch or Ar and 02) are introduced to the vacuum process 

chamber. After pressure is stabilised, RF power is used to strike a glow discharge 

plasma. Some of the etch molecules dissociate in the plasma from the impact of 

collisions with electrons, which generates free radicals. The free radicals then diffuse 

across the boundary layer to reach the sample surface, and are adsorbed on the 

surface. With the help of the ion bombardment, these free radicals react with the 

surface atoms or molecules quickly and form gaseous byproducts. The volatile 

bypro ducts desorb from the surface, diffuse across the boundary layer, get into the 

convection flow, and are pumped out from the chamber. 

3.5.4 ICP Platen and Coil Powers [5-6] 

The ICP reactor has two major power sources, platen and coil powers. A schematic 

diagram of ICP is illustrated in Figure 3.2. In ICP etch tool, platen and coil powers 

are important parameters to control the etch characteristics. The energetic ion 

bombardment breaks the chemical bonds between the atoms on the diamond surface. 

The ICP platen power controls the ion energies while ICP coil power controls the ion 

densities. An increase in ICP platen power will lead to an increase in the DC bias and 

ion bombardment. Consequently, there will be an increase in the etch rate. An 
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increase in ICP coil power will lead to an increase in ion density and hence leads to 

an increase of etch rate. Therefore, variation in the ICP coil power will affect the 

plasma density and thus affecting the concentration of the reactive species that are 

responsible for the chemical component of the etching mechanism. 

coil 
(to generate 

rf 
input 

t r- ~ 
=~==G=o ==4Ifl==ln==!! quartz 'window 

coil power) r-'-..L..l...ilfo---------~ .......... ......., plasma 

Figure 3.2 

wafer 

vacuum 
chamber 

A Schematic Diagram of Iep etch tool. 

In this work, the ICP etch tool was used for various purposes. For example, the ICP 

was used to provide surface treatment of the sample prior to metallisation. Section 

3.6 shows the use of ICP tool to provide the plasma surface treatment. In addition, 

the ICP tool can be adopted as an etching tool to remove the intrinsic diamond layer 

for MOSFET fabrication or to transfer the photoresist micro-lens pattern onto the 

diamond substrate. 

3.6 Surface Treatments Prior to Metallisation for Micro-electronic Device 

Fabrication 

Surface treatment prior to metallisation is one of the important factors that influence 

the electrical characteristics of metal/diamond contacts. In this work, prior to 
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metallisation, diamond surface was treated by either plasma etching or chemical 

cleaning. 

3.6.1 Plasma Surface Treatment 

Etch-induced damage in diamond encompasses the range of deleterious 

modifications introduced to the material through the processing, and may be 

manifested as changes in conductivity or modifications of interfaces with other 

materials, such as metals. The modifications of interfaces may be beneficial or 

detrimental to ohmic contact on p-doped diamond. 

In this project, various plasma surface treatments have been applied in order to form 

a good ohmic contact. All experiments were conducted at 30°C. The effects of 

different plasma surface treatments on the electrical characteristics of metal/p-doped 

diamond contact are studied and discussed in Chapter 5. 

3.6.2 Chemical Surface Treatment Using Aqua Regia 

Prior to the metallisation, the samples could also be surface treated in boiling aqua 

regia (HCl: HN03 = 3: 1) for 1 minute to remove the hydrocarbon layer formed on 

the diamond surface after the sample growth [7]. It was then blown dried with N2 and 

immediately loaded into the metal sputter tool or e-Beam evaporator for metal 

deposition. 

3.7 Reactive Ion Etching (RIE) 

RIE is a very useful etching tool employed particularly for vertical etching. In this 

project, RIE was employed for the vertical etch of Si02• The etch recipes for the Si02 

are described as follows. The flow rate of Ar and CHF 3 was set to 15 and 5 sccm, 

respectively. The platen power used was 200 W. The pressure was set to 20 mTorr. 

The etch rate of the Si02 is calculated as 0.36 nm/s. 
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3.8 Buffer Oxide Etch (BOE) Etch 

Buffer oxide etch (BOE) is a chemical consisting of HF and NH40H in the volume 

ratio of 7: 1. BOE is a chemical widely used for etching Si02 in the semiconductor 

industry. The etch rate of Si02 by BOE is about 1 nm/s. 

3.9 Metallisation 

Metallisation is a process that deposits metal layers on the sample surface. Metal 

with high work function such as Palladium (S.12 eV) [8] or Platinum (S .6S eV) [8] is 

required in order to fabricate a good ohmic contact to wide band gap semiconductor 

such as p-doped diamond. Alternatively, carbide forming metal such Ti is utilised in 

the ohmic contact formation on p-doped diamond. This metal will serve as the first 

layer in the metallisation scheme. Metals like Titanium (Ti) and Gold (Au) are used 

in this work as some phases formed by the interactions of these metal layers and 

p-doped diamond are found to be instrumental to ohmic contact formation [9] , which 

are explained in details in Chapter 1. For thicker metal layers, such Ti (SO nm) and 

Au (100 !Un), metal sputter tool was used. These metal layers are normally employed 

for the drain and source terminals formation. The chamber of the metal sputter tool 

needs to be pumped down to 4 x 10-6 Torr before the metal layers are deposited. The 

e-beam evaporator was used to deposit thin metal layers such as Ni (10 nm) and Au 

(lOnm), as shown in Figure 3.3. The metal layers are used for the formation of the 

gate terminals. It was pumped down to a pressure of S x 10-6 Torr before metal 

deposition was carried out. In addition, the temperature of the evaporator chamber 

must be maintained below 90°C throughout the evaporation to facilitate the metal 

lift-off process. 

Au(IOOnm) 

Ti( 5(11111) Au(lOnm) 
Nj(jOnm) 

p-type Diamond p-type Diamond 

Figure 3.3 A typical metallisation scheme consisting of Ti(SOnm)/ Au(lOOnm) 

(left) and Ni(lOnm)/Au(lOnm) (right). 
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3.10 Rapid Thermal Annealing (RTA) 

After metal lift-off, rapid thermal annealing (RTA) IS used to anneal the . 

damage-induced by plasma etching, restore the crystal structure and to achieve 

certain useful phases formed between metal and p-doped diamond for good ohmic 

contact formation. A Rapid Thermal Processor (RTP) system can ramp up and cool 

down sample temperature very quickly. Normally, it takes less than 10 seconds to 

reach the required annealing temperature. In this project, the preheat temperature was 

set at 150°C and the RT A temperature range was within 400 to 600°C, typically at 

450, 500 and 550°C. It took about 15 seconds to ramp up to 450 °C. Annealing was 

carried out for 1 minute under pure nitrogen (N2) flow. After that, it took about 20 

seconds to ramp down and another 20 seconds to cool down. The temperature was 

measured by a thermocouple which was placed directly under the sample holder. The 

RTA duration is determined by the length of time during the annealing process or 

"Ohmic" stage. Figure 3.4 shows the temperature change of the RTP system in an 

annealing process for this work. A typical RTA process sequence is as follows: 

• 
• 
• 
• 
• 
• 

Purging 

Preheat 

Temperature ramp up 

Annealing (Ohmic) 

Temperature ramp down 

Force Cooling 
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Figure 3.4 RTA cycle at an annealing temperature of 450°C and for a 

duration of 60s. 
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3.11 Summary 

The fabrication steps of the diamond micro-optics (Le. micro-lenses and grating) 

such as photolithography and plasma etching are demonstrated in this chapter. Also, 

the fabrication procedures of micro-electronic devices (Le. MOSFET) and test 

structures such as photolithography, metallisation, plasma etching, chemical 

treatment and annealing using R T A are presented. The electrical, chemical and 

surface characterisations of these fabricated structures will be analysed using 

different techniques as described in Chapter 4. 
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Chapter 4 

Experimental Techniques for Characterising Diamond 

Micro-optical and Micro-electronic devices 

4.1 Introduction 

This chapter introduces the experimental techniques used in this work, mainly 

concentrating on Atomic Force Microscopy (AFM), Confocal Microscopy, 

Spectroscopic Ellipsometry and Semiconductor Parameter Analysing. Conventional 

characterisation techniques such as Scanning Electron Microscopy (SEM), X-ray 

Photoelectron Spectroscopy (XPS) and Secondary Ion Mass Spectroscopy (SIMS) 

will also be explained briefly. 

The study of diamond surface and interface is very important for understanding the 

diamond electrical characteristics, such as ohmic contact formation in a diamond 

micro-electronic device. This study is also indispensable for developing diamond 

micro-optics. In this project, XPS, SIMS, and AFM were employed as tools for 

surface analysis. XPS measurements were performed so as to obtain the elemental 

composition on the p-doped diamond surface after ICP Ar/Ch plasma etching. SIMS 

was used to study the boron depth profile of the diamond samples with a 

boron-doped delta layer. AFM was used to measure the surface morphology of the 

diamond micro-optics, such as diamond micro-lenses. Laser scanning confocal 

microscopy is important to characterise the optical properties of the diamond 

micro-optics. SEM was used to image diamond micro-lenses and gratings with a high 

resolution. As for electrical characterisations, the metal/p-doped diamond contacts 

are investigated and electrical performances of the diamond MISFET and MOSFET 

devices were measured by using a Semiconductor Parameter Analyser. 

4.2 Optical Characterisation 

4.2.1 Spectroscopic Ellipsometry 

Spectroscopic Ellipsometry is a contact-less and non-destructive method of 

measuring the thickness of a transparent thin film. Figure 4.1 shows an experimental 
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setup for measuring the thickness of a material. In a reflectometer, a white light 

polarised beam is obtained after pass ing a polariser. The beam is then incident onto 

the surface of the sample to be analysed after passing the analyser. 

Light source 

Analyser 

Figure 4.1 Experimental setup to measure film thickness using spectroscopic 

Ellipsometry technique. 

The reflected light intensity is measured over a broadband wavelength range [1]. For 

a thin film with a known refractive index, the reflected light intensity is determined 

by light interference of the reflected light beams from the top and bottom surface of 

the thin film. The phase difference of the two reflected light beam is determined by 

the thickness of the thin film. Hence, the thickness of the thin film can be obtained 

by comparing the incident and reflected intensity and the change in polari sation 

angle at different wavelengths. One of the advantages of using spectroscopic 

Ellipsometry to measure film thickness is its simplicity and low cost [1]. 

4.2.2 Confocal Microscopy 

Confocal microscopy is a practical and conceptual advance in optical microscopy. It 

is a planar imaging technique. Confocal microscopy has been used extensively in 

wide fields , including biology, medicine and material science due to its ability to 

produce extremely high quality images of optical sections at various depths. The 

confocal microscopy used in this work is called the reflection-transmission laser 
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scannll1g confocal mIcroscopy (LSCM), which is developed by the Institute of 

Photonics, University of Strathclyde. For diamond micro-lens characteri sation, it is 

extremely benefici al to use such confocal refl ected and transmitted light imaging 

modes, i.e., to collect refl ection and transmission optical sections simultaneously. 

Thi s technique is also able to provide the three dimensional (3~) images with high 

spatial resolution of the light intensity distribution inside and outside a miniature 

micro-optics, such as micro-lenses. 

4.2.2. 1 Principle of Confocal Microscopy 

Figure 4.2 shows the experimental setup of a confocal microscopy measurement. A 

laser beam passes through an aperture is focused by an objective lens onto the 

specimen. Light is refl ected from the specimen back into the objective lens, and 

object is imaged in the plane of the detector pinhole. The light pass ing through the 

pinhole is detected by a photomultiplier. 

Light Source 

Aperture 

=lr=::s:3~::::=:!l::::~!Io.. Dich roic 
I 

I 
I 

I 
Detector Detector 

pinhole 

Focal plane 

I 
I 

I 
I 

I 
I 

I 

Figure 4.2 Experimental setup of a confocal microscopy measurement. 
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Some of the incident light, which is represented by the dotted line, can be reflected 

from the specimen that is located in planes closer or further from the objective lens. 

The focal point for this light is located before the plane of the detector pinhole. Thus, 

light is converging in front of the plane of pinhole and very little of light passes 

through to the photomultiplier. A two-dimensional image is then collected by 

scanning the specimen. Since light in front of the pinhole plane is rejected from the 

image, this two dimensional image is an optical section through the specimen. As 

such, confocal microscopy can be a non-destructive technique to image a three 

dimensional structure. 

4.2.2.2 Experimental Setup 

The experimental setup of a reflection-transmission laser scanmng confocal 

microscope is shown in Figure 4.3. 

Figure 4.3 Experimental setup for a reflection-transmission laser scanning 

confocal microscope. 

In this setup, laser beam at 488 nm (blue light) from a mixed gas Kri AI' laser was 

directed onto a commercial scan head (Bio-RAD MRCI024ES). The output from the 

scan head was then coupled into an upright microscope (Nikon E600FN) with the 

objective lens (20X, 0.75 NA). As seen in Figure 4.3, the blue light is then reflected 

back from an optical sample such as a micro-lens. The transmitted source was 
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provided by a 10m W miniature diode-pumped, frequency doubled Nd: Y AG laser 

operating at 532 nm. This green laser beam is expanded 16 times using a Galilean 

telescope expander, before being sent into the microscope as shown in Figure 4.3. A 

mirror was placed just below the microscope stage to direct collimated green light 

into the back surface of the sample. Before passing back the reflected blue and 

transmitted green light through the scan head, both lights were collected by the 

microscope. Finally, the beams were detected by two photomultipliers after a 

dichroic mirror. Narrow passband filters (488 ± 5 and 540 ± 20 nm) were mounted 

before each detector in order to ensure that there is only one light source entering 

each detector. Also, the light outside of the focal plane was rejected using pinhole 

apertures in the scan head. The axial and lateral resolutions which were measured 

during calibration of the confocal system are 0.8 (± 0.1) /lm and 0.25 (± 0.02) /lm, 

respectively [3]. 

This reflection-transmission laser scanmng confocal mICroscopy allows the 

collection of both reflected and transmitted light sectional images simultaneously. 

Whereas the plane-view transmission sections reveal the optical properties of an 

optical component such as the focal length of a lens, the plane-view reflection 

sections provide the information of the structural topography. For the case of 

measuring micro-lenses, the transmission image reveals how light ray are focused by 

the micro-lenses while the reflection image shows the top view optical image of the 

micro-lenses. 

In this project, the optical properties of the micro-lenses were obtained. The confocal 

microscopy characterisations were performed by Dr. Erdan Gu from the Institute of 

Photonics in University of Strathclyde. 

4.3 Electrical Characterisation 

4.3.1 Current-Voltage (/- V) Measurements 

The Current-Voltage (1- V) characteristics of diamond micro-electronic devices were 

measured by using a micro-probe station and a Precision Semiconductor Parameter 

Analyser-HP4155A. The instrument setup is shown in Figure 4.4. It is important that 
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during the measurement, the probes should be pressed gently so as to prevent the 

metal contact damage. 

Parameter Analyser HP4155A 

Probe Probe 

structure 

Figure 4.4 Experimental setup for I-V measurements. 

As an example, typical 1-V curves measured for ohmic and non-ohmic 

metal/diamond contacts are shown in Figure 4.5. For an ohmic contact, its I-V curve 

is linear and its inverse grad ient is the total resistance (Rr) across the contacts. By 

using the Circular Transmission Line Method introduced in Chapter 2 and measuring 

various values of Rr at different circular contact pad separations d, the specific 

contact resistance, pc, can be calculated. 

Figure 4.5 
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Typical I-V curves showing Ohmic and Schottky characteristics. 
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In this project, the I- V characteristics of the metal/p-doped diamond contacts were 

investigated in detail. The performances of diamond MISFET and MOSFET 

micro-electronic devices have also been studied by using the Semiconductor 

Parameter Analyser. 

4.4 Surface Analysis 

4.4.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) is a technique fo r determining the chemical 

elements and chemical compounds on the sample surface. By using XPS, it is 

possible to detect all the elements in the periodic table with the exception of 

hydrogen and helium. In certain cases, it is even possible to obtain information on 

the chemical bonding of the surface atoms [4-5]. XPS is a surface technique and is 

used to detect the elements within - 10 nm of the sample surface. Combining with 

ion beam etching, XPS can be employed to measure the distribution of elemental 

composition as a function of depth (depth profile) in the sample. Such a depth profile 

can also be obtained by tilting the sample angle with respect to electron detector. 

Figure 4.6 shows the XPS setup. 

Photo-Emitted Electrons « 1.5 kV) 
escape only from the very top surface 

(70 - 110A) of the sample 

Focused Beam of 
X-rays (1.5 kV) 

Electron 
Collection 

Lens 

Sample 

Sampl<ls aro usually solid becauso XPS 
requires ultra-high vacuum «10~ torr) 

Electron Energy Analyzer (O-1.5kV) 
imeasHes kinetic energy cf elections) 

~" 
" Electron Detector 

(counts tho electrons) 

Figure 4.6 Experimental setup of XPS. 
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4.4.1.1 Principle ofXPS 

As shown in Figure 4.6, a focused beam of soft x-rays (1-5 keY) illuminates the 

sample to be studied. A x-ray photon is normally absorbed completely by a single 

electron in the sample atom, providing enough energy for it to escape from its orbit 

to form a free photoelectron. The energy of the photoelectron is: 

Eg = hv -b (4.1) 

where Eg is the kinetic energy of the escaping electron, hv is the x-ray photon energy 

and b is the binding energy. If the incident x-ray energy is known and the escaping 

electron energy is measured, the binding energy of the electron can be calculated. 

Since each element has a unique set of binding energies, the measured binding 

energies in tum provide information of the element from which the electrons came. 

The sampling depth d and XPS take-off-angle is correlated by [5]: 

d = 3AsinB (4.1) 

where A is the photoelectron mean free path (a distance that a photoelectron can 

traverse through the solid before experiencing inelastic scattering) and B is the 

photoelectron emission (take-off) angle as defined in Figure 4.6. It can be seen from 

equation (4.1) that the sampling depth d is maximised when the photoelectron 

take-off-angle (i.e. the angle between the sample surface and the electron energy 

analyser) approaches 90°. By changing the take-off-angle, say from 90° to 30°, the 

sampling depth will be reduced by half but the surface sensitivity of XPS can be 

enhanced by at least an order of magnitude [5]. As a result, the depth profile of 

elemental composition of the sample can be measured by varying the take-off angle. 

With such an advantage, XPS measurements enable the identification of surface 

over-layer or surface contamination layer. 

In this work, XPS has been adopted to measure the elemental compositions on the 

diamond surface after the ICP Ar/Ch plasma etching. In addition, XPS 

measurements also enabled us to identify the possible surface over-layer or 

contamination layer on the diamond surface. In this work, the XPS characterisation 

was performed under the contract for Element Six Ltd. 
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4.4.2 Secondary Ion Mass Spectroscopy (SIMS) 

Secondary Ion Mass Spectroscopy (SIMS) is extremely sensitive to element analysis 

with excellent depth resolution, making it an ideal tool for the examination of the 

dopant profile in diamond and other semiconductor materials. 

4.4.2.1 Principle of SIMS 

In a SIMS instrument, a focused ion beam (1 to 30 keY) is used to bombard a 

selected area of interest on a sample. As a result of the collisions, the surface atoms 

from the sample are knocked out. A fraction of these sputtered atoms are ionised 

(secondary ions) and these ions are analysed with a mass spectrometer to achieve the 

element identification. Elemental depth profiles are obtained as a direct consequence 

of the fact that the sample is slowly eroded by the sputtering process itself. Lateral 

resolution is achieved either by focusing the primary-ion beam on a detail to be 

analysed (ion micro-probe analysis) or by flooding primary-ions on a somewhat 

larger area and forming an image based on the distribution of a specific secondary 

ion (ion microscopy). SIMS is a destructive method because the sample is actually 

etched during the measurement. 

One important function of SIMS is to analyse the elemental depth profile of a sample. 

This profile analysis provides important information on the distribution of dopants in 

a semiconductor. In this work, the depth profiles of the boron-doped delta layer of 

diamond samples were measured under the contract for Element Six Ltd. 

4.4.3 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscope is a microscope that utilises electrons rather than light 

to form an image. 

4.4.3.1 Principle of SEM 

The way a SEM works is as follows: A beam of electrons of kilovolt energy is 

generated by an electron gun. This electron beam is attracted through an anode, 

condensed by a condenser lens and focused onto a small point at the sample surface 

using an objective lens. The electron beam hits the sample and produces secondary 
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electrons from it. These secondary electrons are collected by a secondary electron 

detector. As the yield of the secondary electrons is correlated with the surface 

topography of a sample, by collecting, processing and analysing the secondary 

electrons generated from the sample, the sample's topographic image can be 

obtained [6]. 

There are several advantages of using SEM to Image and analyse the samples 

including: 

• SEM may produce images with a high resolution, revealing details about 

1 to 5 nm in size. Hence, detailed features can be observed by SEM imaging at a high 

magnification. 

• Comparing with other high resolution imaging techniques such as transmission 

electron microscopy (TEM), preparation of SEM samples is relatively easy. One 

main requirement for a SEM sample is that the sample should be conductive. 

In this work, the high resolution images of diamond micro-lenses and optical gratings 

were obtained by using SEM. The SEM measurements were performed by Dr. Paul 

Edwards in Department of Physics, University ofStrathclyde. 

4.4.4 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is a real-space imaging technique that can produce 

topographic images of a surface with atomic resolution in all three dimensions. 

Almost any solid surface can be studied using AFM. AFM has many advantages over 

other established imaging techniques; it is a non-destructive technique which has the 

capability of imaging nanoscale topography and to measuring accurate surface 

roughness. 

An AFM consists of four primary components [6], an AFM probe, a laser, a 

photodetector and a piezoelectric scanner as shown in Figure 4.7(a) [7] and 4.7(b). 

80 



Pbotodiode adjustment 

Sample 

PhotodetectorHH+---~ ... 

Piezo 
scanner 

hapter 4 Experimental Techniques 

La;er adjustment knobs 

AFl.,,1 Probe 

---Scanner 

(a) 

Laser source 

(b) 

Figure 4.7 

an AFM. 

(a) Photograph of a Multimode AFM. (b) Schematic diagram of 

4.4.4.1 AFM Probe 

The AFM probe as illustrated in Figure 4.8 consists of three parts: 

(i) Cantilever block - to support a very fine cantilever which has the delicate tip 

situated at the end; (ii) Cantilever - to hold the tip; and (iii) Tip - to scan the sample 

surface. AFM cantilever and tip are normally made of silicon or silicon nitride and 

are coated by metal e.g. aluminium on the back so as to reflect the laser beam. 
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Cantilever 

Tip 

Figure 4.8 Schematic diagram of an AFM probe. 

4.4.4.2 Laser and Photodetector 

When the sharp tip at the end of the cantilever is in proximity to the sample surface, 

the tip is subjected to atomic interactions (Van Der Waals force). It causes the 

cantilever to deflect. The tip deflections provide information of the surface 

topography. In order to track the motion of the tip, a laser beam is focused onto the 

back of the cantilever. The laser beam is reflected to a segmented quad photodetector 

by a mirror (Figure 4.9). The photodetector is a position sensitive detector. The 

amplified differential signal between the top (B) and bottom (A) segments provides a 

measure of the deflection of the cantilever tip. By scanning the sample, the system 

generates a digital picture of tip deflection that can be processed by a computer to 

yield a three dimensional image of the sample topography. 

Mirror 

Photodetector Segments 

Cantilever ---- - --

Figure 4.9 A schematic diagram of a laser and a photodetector system. 
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4.4.4.3 AFM Modes 

There are two main AFM modes that are used for collecting images, (a) contact 

mode and (b) tapping mode. These two modes operate in different manners and 

require different cantilevers. In this work, tapping mode was employed for AFM 

measurement. Hence, emphasis on the tapping mode is given in this thesis. 

• Tapping Mode 

Tapping mode is a technique that was developed to overcome the drawbacks 

encountered with the contact mode. Tapping mode, as its name implies, operates by 

the oscillating cantilever intermittently in proximity to the sample surface. The probe 

will have a maximum oscillation amplitude in the free air but the amplitude is 

reduced in proximity to the sample surface. Consequently, there will be change in the 

amplitude that is measured. 

Tapping mode probes use rectangular cantilevers and the cantilever tip normally has 

a radius of curvature less than 10 JUTI. Such a tip is shown in Figure 4.l0 [7]. It can 

be seen that the tapping tip lies directly beneath the end of the cantilever, which will 

allow to position the tip precisely. 

Figure 4.10 A SEM image of a tapping mode cantilever. 
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Since there is no contact between the tip and the sample, wear of the probe and 

damage of the surface are reduced, which improves the image quality. In addition, 

the kinetic energy of the oscillating cantilever enables the tip to penetrate the 

adsorbed layer to reach the real surface of the sample. Due to the many advantages of 

the tapping mode, it is rapidly becoming a widely used technique and this mode is 

chosen for measuring diamond samples in this work. 

In tapping mode, a sharp tip mounted on the end of a long flexible cantilever is 

pressed against the sample surface with a known force (known from the curvature of 

the cantilever) and tapping across the surface while keeping the force constant. The 

vertical movements required to maintain the force are the measurements of the 

surface topography. This will give the 3-D surface morphology of a particular sample. 

The surface RMS (root mean square) roughness can be obtained by limiting the tip to 

move around a certain area. 

4.4.4.4 Piezo Scanner 

In order to scan the sample and to have a precise control on the sample position, a 

piezoelectric scanner is utilised. A piezo scanner consists of three piezo crystals 

(x, y and z-axis) that respond separately to an applied voltage. AC voltages are 

applied to the x- and y-axis crystals in order to produce the raster-type scan motion 

required to obtain an AFM image. The piezo scanner is able to rapidly respond to the 

changing of topography of the sample by means of a feedback loop that continually 

alters the z height to ensure that the sample and probe are at a consistent separation. 

The feedback loop is a system that controls the tip-sample interactions according to 

an operator defined set-point. The feedback system measures the difference in 

voltage distribution between the upper and lower photo detector segments and thus 

alters the z-position of the scanner to re-centre the laser beam in the detector. In 

tapping mode, the set-point is determined by the oscillating amplitude of the tip. 

Therefore as the set-point decreases, the amplitude decreases but the tip-sample 

forces increase. The laser spot oscillates vertically across the photodetector array as a 

result of the vibration of the cantilever. The signal obtained from the photodetector is 

rectified and then is low pass filtered into a DC voltage. In this case, the magnitude 
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of the voltage is proportional to the cantilever amplitude. The feedback system 

compares the recorded amplitude to the set-point and adjusts the cantilever position 

of the z-axis in order to keep them equal. This feedback loop allows the operator to 

optimise the scan conditions, thus minimising the possibility of tip and sample 

damage whilst maintaining proximity to surface topography. 

AFM provides topographic information that is truly three-dimensional. The data are 

digitally stored, allowing the computer to manipulate and display the data as a 

three-dimensional rendition, viewed from an altitude and azimuth. 

4.4.4.5 Scanning Errors 

An AFM image is the convolution of both the cantilever probe geometry and sample 

topography. Consequently, scanning errors can occur which cause the AFM image to 

differ from the real sample surface [7]. Scanning errors of this nature are unavoidable 

and should be taken into consideration when analysing AFM images. 

The geometry of the probe influences the resolution limit that can be achieved. If the 

probe is of a greater size than the gap between two features on the sample, they will 

appear as one entity. Also, a false topography will be recorded if the angle of the 

feature is more acute than that of the probe. As shown in Figure 4.11 , the geometry 

of the sample surface can also be the cause of imaging errors. Figure 4.12 illustrates 

a sample surface which has an overhanging edge, the cantilever tip cannot image 

such structure and therefore the recorder topography does not contain this feature. 

(a) (b) (c) 

Figure 4.11 Example of artefacts due to probe geometry, where (a) is the 

actual sample surface, (b) shows the probe path across the surface and (c) is the 

recorded image. 
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(3) (b) (c) 

Figure 4.12 Example of artefacts due to sample geometry, where (a) is the 

sample surface, (b) shows the probe path across the surface and (c) is the 

recorded image. 

4.5 Summary 

In this chapter, the optical characterisation techniques such as Spectroscopic 

Ellipsometry and Confocal Microscopy have been discussed. Also, electrical 

characterisation technique using Current-Voltage (1- V) measurement and the 

calculation of specific contact resistance, pc have been described. In addition , the 

surface analysis techniques such as X-ray Photoelectron Spectroscopy (XPS), 

Secondary Ion Mass Spectroscopy (SIMS), Scanning Electron Microscopy (SEM) 

and Atomic Force Microscopy (AFM) are presented. 
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Chapter 5 

Diamond Micro-Optics: Fabrication and Characterisation 

of Spherical Diamond Micro-lenses 

5.1 Introduction 

Diamond has the widest optical transparency band of all known solids, ranging from 

220 nm to the far infrared [1]. Being transparent in the ultraviolet, visible and 

infrared spectral regions, diamond is an ideal material for developing high-quality 

micro-optics, such as micro-lenses and grating. In addition, the high mechanical 

hardness and thermal conductivity of diamond greatly support the optical 

applications making diamond micro-optics very stable and resistant in many aspects. 

These unique optical properties have made diamond very attractive in developing 

novel micro-optics. 

Nevertheless, due to its hardness and chemically inertness, the processmg of 

diamond to fabricate high performance micro-optics is a technical challenge. To date, 

micro-machining of diamond is based on dry etching techniques such as Reactive Ion 

Etching (RIE) [2-3], Inductively Coupled Plasma (ICP) [4-8], Electron-Cyclotron 

Resonance etching (ECR) [9] or focused-ion beam milling [10]. Dry etching 

technique on diamond using ICP offers advantages such as high etch rates 

(i.e. 0.2 !lm/min using oxygen-based plasma [6]) and smooth etched surface 

morphology due to the chemical etching utilising ICP coil power. Fabrication of 

diamond optical microstructures such as micro-lenses using ICP has been reported by 

Choi et al. [6] and Karlsson et al. [7]. Both authors have shown the capabilities of 

using oxygen-based plasma in spherical micro-lenses fabrication. However, diamond 

etching using chlorine-based plasma and fabrication of other types of micro-lenses 

such as micro-cylindrical and micro-ring lenses have not yet been investigated. 

In this chapter, detailed investigations on ICP etching of diamond using different 

plasmas, in this case oxygen-based (Ar/02) and chlorine-based (Ar/Ch) plasma will 

be presented. In addition, the fabrication of various micro-structures including 
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spherical micro-lenses and micro-VESCELs for micro-optic applications will be 

included. 

5.2 Investigation on ICP Etching - Argon and Oxygen Plasma (Ar/02) 

ICP etching with Arl02 plasma has been used on diamond micro-fabrication. This is 

due to the high etch rate achievable by using this plasma. Choi et al. [6] has reported 

an etch rate as high as 0.2 !lm/min. However, the diamond etching using Ar/0 2 

plasma has not yet been fully explored. In this section, the effect and influence of 

ICP platen power, coil power and gas pressure on diamond etching with Ar/0 2 

plasma are investigated in detail. 

In general , the etching mechanism of diamond using Ar/0 2 plasma is explained as 

follows [11]. 

o ion (chemical 
reaction) 

Ar ion (physical 
bombardment) 

• EJ .. 
Diamond 

Figure 5.1 Etching mechanism of diamond using Ar/02 etchant. 

Oxygen (02) is the most popular reactive gas in dry etching of diamond [9-10] for its 

excellent chemical activity in etching carbon-based materials. Ion sputtering also 

plays an important role in patterning diamond. For this reason, Ar is mixed with 0 2 

in the etching chamber. During plasma etching, Ar ion is responsible for the physical 

bombardment to dislodge the carbon atoms from the diamond. The free carbon atoms 

will then react with oxygen ions to form volatile gaseous products such as CO and 

CO2 which are thereby pumped out of the chamber as illustrated in Figure 5.1. Hence, 

diamond can be etched by oxidation to CO or CO2 utilising oxygen [11] . 
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Diamond etching by molecular oxygen seems to proceed in two steps [11]. The first 

step involves formation of graphitic layer: 

1 
Cdia + "2°2 ~ COad\ 

where Cdia is the diamond carbon, COads is the adsorbed carbon monoxide and Cgra is 

the graphite layer. The second step is related to the subsequent oxygen etching of the 

graphitic layer. However, at temperature less than 900 °c, the second step proceeds 

faster than the first step and a clean diamond surface is formed instead of the graphite 

layer. On the other hand, graphite formation occurs at temperature more than 900 °c 

[11]. This is due to the increase of the relative rate for the first step compared to the 

second step. 

5.2.1 Experimental Results and Discussion: Diamond Ar/02 Plasma Etching 

5.2.1.1 Variation ofICP Platen Power 

As discussed in Chapter 2, the ICP platen power affects DC bias significantly and 

by increasing the DC bias, the plasma ion energy will increase. Hence, it is expected 

that the etch rate will vary greatly by varying the ICP platen power. 

Figure 5.2 plots the etch rate as a function of ICP platen power with a fixed coil 

power of 400 Wand a gas pressure of 5 mToIT. It is observed that the etch rate 

increases rapidly from 0 to 0.065 /-lm/min as ICP platen power increases from 0 to 

50 W. However, as the platen power further increases, the etch rate does not increase 

at such a rapid rate. The mechanism of the etching can be explained as follows: The 

Ar ions created within the plasma bombard carbon atoms in the diamond structure. 

The increment ofICP platen power will increase the Ar ion energy [12] and therefore 

enhance the bombardment for removing the carbon atoms on diamond surface. These 

free carbon atoms will then interact with the oxygen ions to form gaseous CO2 and/or 

CO. Thus, the diamond etch rate increases with the ICP platen power. However, 

upon reaching certain ICP platen power, the etch rate approaches saturation owing to 

the limitation of the Ar ion density. In other words, the number of carbon atoms 
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being bombarded away will still be the same no matter how high is the ion energy if 

the Arion density remains un-changed. 
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Figure 5.2 Diamond etch rate versus ICP platen power. The error bar is 5 %. 

The coil power was fixed to 400 W. The pressure was set as 5 mTorr. 

The etch selectivity is defined as diamond etch rate divided by photoresist etch rate. 

The etch selectivity as a function of Iep platen power with a fixed coil power of 

400 W is presented in Figure 5.3. It is found that the etch selectivity remains almost 

constant as the Iep platen power varies except at very low Iep platen power 

« 50W). Based on this result, it can be concluded that the etch selectivity of 

diamond to photoresist is almost independent of the Iep platen power. 
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Etch selectivity of diamond to photoresist versus ICP platen 

power. The error bar is 5 %. The coil power and pressure were fixed as 400 W 

and 5 mTorr, respectively. The etching duration was 5 min. 

5.2.].2 Variation ofTCP Coil Power 

In this section, the effect of ICP coil power varied from 100 to 800 W on the 

diamond etch rate is investigated. Two platen powers of 200 and 300 W were used 

so as to study the influence of the platen power on the etch rate at different coil 

powers. These results are presented in Figure 5.4. 

It is observed that the diamond etch rate increases almost linearly with the coil power. 

This is because an increase in the coil power will lead to an increase of ion density 

[12]. Therefore when the coil power is increased, more ions are created in the plasma 

which results in more ion bombardment and etch products and thus a higher etch rate. 

Another observation is that at the same coil power, the ICP etching with a higher 

platen power of 300 W has a higher etch rate compared to the etching with a lower 

platen power of 200 W. This result can be explained as follows: the diamond ICP 

etching with a higher platen power will generate ions with higher ion energy to 

bombard carbon atoms in diamond. Thus, at the same coil power (ion density), the 

etch rate increases with the platen power. A high etch rate of 0.21 f.un/min has been 
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ach ieved at a coil power of 800 W, platen power of 300 Wand a gas pressure of 5 

mTorr. 
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Figure 5.4 Diamond etch rate versus ICP coil powers with constant ICP 

platen power of 200W and 300W. The error bar is 5 (Yo. The pressure was fixed 

to 5 mTorr. 

5.2.1.3 Variation ofICP Gas Pressure 

The dependence of diamond etch rate on gas pressure is investigated by varyi ng the 

pressure fro m 5 to 30 mTorr. For this experiment, coil power of 800 W was used 

while the platen power was kept at 300 W. The flow rate of Ar and 0 2 were set to 

15 sccm and 40 sccm, respectively. The results are shown in Figure 5.5. 

It is seen fro m the figure that initiall y the etch rate increases as the gas pressure 

increases from 5 to 10 mTorr then the etch rate decreases as the gas pressure 

increases further for coil power of 800 W. It is observed that the gas pressure of 

10 mTorr gives the maximum etch rate of 0.22 ~tm/min. The reason for the 

' increase-to-decrease ' in the etch rate is explained as fo llows : At the low gas 

pressure regIOn « 10 mTorr), the number of reactive species, such as 0 ions, 

increases with the gas pressure in the rcp chamber. Hence, by increasing the gas 
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pressure, more volatile etch products (C0 2 and/or CO) will fo rm and thereafter be 

removed from the diamond surface . Consequently, there is an increase in the etch 

rate with the gas pressure. This low pressure regime (i .e. < 10 mTorr) is called a 

chemical-limited regime [1 3]. However, the enhanced ion-ion and ion-electron 

recom bination, which occurred at higher pressure (i .e. > 10m Torr), will reduce the 

generation of AI' ions [13]. Thus as the pressure goes higher than 10 mTorr, there is a 

decrease in the Arion density. The decrease of Ar ion density will result in a sharp 

reduction of free carbon atoms produced by Ar ion bombardment and therefore a 

reduction of etch products (C0 2 and/or CO) although in this case there are enough 

reactive species. Consequently, an ion-limited regime [13] is established when the 

gas pressure is higher than 10 mTorr and the diamond etch rate in this regime 

decreases as the gas pressure increases. 
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Figure 5.5 Diamond etch rate versus gas pressure with constant ICP platen 

powers of 300 W. The coil powers were set to 800 W. 
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5.2.2 Diamond Positive Spherical Micro-lenses 

5.2.2.1 Fabrication of Diamond Positive Micro-lenses by Arl02 Plasma Etching 

Based on the study described in Section 5.2.1, diamond positive spherical 

micro- lenses have been fabricated by Ar/02 plasma etching. The etch conditions 

used to fabricate diamond micro-lenses were ICP platen power of 200 Wand a coi l 

power of 400 W. It was found that a slightly lower etch rate is desirable to achieve 

controllable etching. Thus, a gas pressure of 5 mTorr was selected and was sustained 

by Arl02 gas flow rates of 15/40 sccm. Table 5.1 summarises the etching conditions 

used to fabricate positive spherical micro-lenses using Ar/0 2 plasma etching. The 

positive spherical micro-lenses were fabricated on high-pressure-high-temperature 

(HPHT) and natural diamond using photoresist "re-flow" and rcp etching technique. 

The fabrication sequence of the diamond positive micro-lenses is illustrated in Figure 

5.6. 

Table 5.1 Etching conditions used to fabricate diamond positive spherical 

micro-lenses using Ar/02 plasma etching. 

ICP platen power ICP coil power 

(W) 

200 

Positive Photoresist 
coating 

ICP etching 

(W) 

400 

Gas Pressure Gas flow rate of 

(mTorr) Ar/02 plasma (sccm) 

5 15/40 

Figure 5.6 Process sequence of positive micro-lens fabrication . 
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After sample cleaning (the details of diamond cleaning method are explained in 

Chapter 3), Shipley SPR 220 photoresist was first spin-coated onto the diamond 

substrates. Cylindrical pillars of photoresist with diameters ranging from 10 11m to 

I 00 ~lm were then fabricated using standard photolithography method. After the 

formation of the photoresist pillars, the sample was then placed onto a hotplate at 

125 DC for 5 mins. At this temperature, the micro-pillars melted and formed good 

spherical structures due to the surface tension. An optical image of photoresist 

micro-structures after re-flow is shown in Figure 5.7. 

Figure 5.7 Photoresist micro-spherical structures after re-flow process. 

The substrate was then etched using ICP Ar/02 plasma to transfer the photoresist 

pattern onto the diamond substrate as shown in Figure 5.8 (a) and (b). During etching, 

the substrates were mounted on a silicon wafer with vacuum grease to enhance the 

heat spreading in order to avoid photoresist burning. Representative diamond 

micro-lenses images after ICP etching are shown in Figure 5.9. It is observed that the 

surface diameters of the diamond micro-lenses fabricated are very close to the 

diameters of the photoresist micro-spherical structures. 
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(i) 

(ii) 

(iii) 

Figure 5.8 

~Photores is t 

Diamond substrate 

Photoresist Structures 

Diamond Substrate 

Partial Photoresist Structures and 
Partial Diamond Micro-lenses 

50 ~m 
Diamond Substrate 

Diamond Micro-lenses 

1.7 J1m 

Diamond Substrate 

(b) 

(a) Iep etching sequences (i) photoresist micro-structure (ii) 

partially etched micro-lenses and (iii) complete natural diamond micro-lenses 

~lfter pattern transfer and (b) the corresponding schematic diagrams of the 

process flow in (a). 
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Figure 5.9 Micro-lenses on HPHT diamond after Iep etching (a) optical 

microscope image and (b) SEM image. 

5.2.2.2 Characterisations of Diamond Positive Spherical Micro-lenses 

SEM and AFM techniques were employed to study the surface morphology of these 

diamond micro-lenses. Figure 5.10 and Figure 5.11 show the SEM images of the 

positive micro-lenses after 30 minutes of etching on HPHT diamonds and Type IIa 

natural diamonds respectively. Different surface morphologies are observed from 

these diamond samples. The etch pits are clearly seen across the HPHT diamond 

sample whilst no pit is seen on the natural diamond sample. The observed difference 

is attributed to the diamond quality. The formation of the etch pits is due to the 

inherent defects, which caused non-uniform etching in the diamond substrate. These 

pits become clearly visible as etching proceeds. From the SEM image of the HPHT 

diamond shown in Figure 5.10, the etch pit density is estimated to be approximately 

4.] x 10 I 0 cm -2. As for the natural diamond, there are much fewer inherent defects 

and hence the surface remains smooth after etching (Figure 5.11). The AFM 

measurements show that these natural diamond micro-lenses have a low surface 

root-mean-square (RMS) roughness of approximately 1.2 nm for a 1 /-lm x 1 /-lm area, 

indicating a high surface quality. 
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Figure 5.10 SEM image of a HPHT diamond positive micro-lens array. 

Figure 5.11 SEM image of a Type IIa natural diamond positive micro-lens 

array. 

The optical properti es of the pos itive micro-lenses were characteri sed using confocal 

microscopic technique. Cross sectional images, as shown in Figure 5.1 2, illustrate the 

focusing capabilities of the 50, 60 and 70 )..un diameter micro-lenses. The foca l 

lengths of these micro-lenses determined from the image were fo und to be very close 

to the calculated values, indicating the high optical quali ty of the micro-lenses [5]. 
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-501lm 

Figure 5.12 Cross-sectional confocal images, illustrating the focusing 

capabilities of the positive micro-lenses with diameters of 50, 60 and 70 11m with 

1.7 fJm height [5J. 

5.2.3 Negative Diamond Micro-lenses 

5.2.3.1 Fabrication of Diamond Negative Micro-lenses by Arl02 Plasma Etching 

Unlike the fabrication of positive micro-lenses, as described in previous subsection, 

the diamond negative micro-lenses were fabricated by using hot-embossing 

technique as illustrated in Figure 5.13. 

Diamond substrate bake at 
130 °C for 5 mins 

Silicon mould pressed on 
spin-coated diamond 

substrate on ] 15°C hotplate 

Negative micro-lenses 
pattern has been transferred 

onto the photoresist 

rcp etching 

• l l 
II pil 

Figure 5.13 Fabrication sequence of diamond negative micro-lenses. 

]00 



Chapter 5 Diamond Micro-optics: Fabrication and Characterisation of Spherical Diamond Micro-lenses 

Using this technique, a silicon (Si) substrate with spherical micro-lenses of -10 /lm 

height was first fabricated as a mould. The photolithography process of making the 

silicon micro-lens molds is similar to that of fabricating the positive diamond 

micro-lenses (subsection 5.2.2.1) except ICP silicon etching. After the reflow 

process, the silicon chips were subjected to ICP etching with Ar/BCb/Ch plasma. 

The flow rates of ArIBCb/Ch used were 15 sccm, 50 sccm and 15 sccm, respectively, 

with the platen and coil powers were set to 100 Wand 600 W, respectively. To make 

diamond negative micro-lenses, a HPHT diamond substrate was spin-coated with 

SPR 220 photoresist and was baked on a 130°C hotplate for 5 minutes. The silicon 

micro-lens mould was then pressed against the photoresist layer/diamond on a 

hotplate, set to 115 °C so as to soften the photoresist, as shown in Figure 5.13. 

Subsequently, the diamond substrate and silicon mould were separated gently by 

using tweezers. The photoresist negative micro-structures were then etched using 

Ar/02 plasma with the same etch conditions of positive micro-lenses so as to transfer 

the negative micro-lens pattern to the diamond substrate. By this way, negative 

micro-lenses with diameters of 50 /lm and 55 /lm are fabricated successfully on 

HPHT diamonds. 

5.2.3.2 Characterisations of Diamond Negative Spherical Micro-lenses 

Figure 5.l4(a) shows an AFM image ofa shallow negative diamond micro-lens with 

a surface diameter of 50 /lm. From the measured profile, the depth of this shallow 

micro-lens was estimated to be 0.18 /lm. The surface roughness of the lens was 

measured to be less than 2 nm over a 3 /lm x 3 /lm area, showing a smooth surface of 

the micro-lens. The cross-sectional profile of the micro-lens is plotted in Figure 

5.l4(b) and the measured profile was then fitted to a circle. It can be seen that the 

deviation between the measured and fitted profiles is very small, indicating the 

negative micro-lenses fabricated are very close to spherical in shape. 
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Figure 5.14 (a) AFM image and (b) measured surface profile and fitted profile 

of a HPHT diamond negative micro-lens with diameter of 50 11m. 

Figure 5.1 5(a) shows an AFM image of a representative deep negative diamond 

micro-lens with a diameter of 55 flm. Again, evaluation of the lens profile was 

undertaken by comparing the measured profile with a circle as shown in Figure 

5. 15(b). 
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Figure 5.15 (a) AFM image and (b) measured surface profile and fitted profile 

of a deep HPHT diamond negative micro-lens with diameter of 55 11m. 

It is evident that the deviation between the measured and fitted profile is very small. 

Nevertheless, the surface RMS roughness of this lens is rather high, i.e. 15 nm for a 

3 /lIn x 3 /lIn area. These results show there is a big roughness difference between 

the shallow and deep negative diamond micro-lenses. As discussed in subsection 
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5.2.2.2, high density intrinsic defects exist in the HPHT diamond. These intrinsic 

defects cause the etching to be non-uniform, consequentially producing etch pits and 

making the surface rough. Due to this reason, the surface roughness of the HPHT 

diamond increases with the etch duration. The etch time for fabricating the deep 

diamond micro-lenses is much longer than that for etching shallow lenses. Therefore, 

the surface roughness of the deep negative diamond micro-lenses is higher. 

5.3 Investigation on ICP Etching - Argon and Chlorine Plasma (Ar/Ch) 

To develop complicated diamond devices, very shallow « 1 /lm) structures III 

diamond have to be fabricated. There are several methods to fabricate shallow/thin 

structures in diamond such as using a thin photoresist mask or etching diamond with 

low etch rate and low etch selectivity. In some cases, the thin mask approach is not 

applicable. For example, in the case for fabricating thin micro-lenses in diamond, it 

is not possible to form thin micro-lens patterns with large diameters (> 50 /lm) in 

photoresist by using the reflow method. This is understandable by considering the 

ratio of the height to the diameter of the photoresist pillars. For very thin « 1 /lm) 

photoresist pillars with large diameters, the surface tension of the photoresist is not 

strong enough to form spherical photoresist lenses. In this case, the method of low 

etch rate and low etch selectivity should be adopted. It was shown in Section 5.2 that 

Ar/02 plasma etching normally produces a high etch rate making it difficult to 

control the etch depth precisely if very shallow etch depth (a few tens of nanometre) 

is desired. Therefore, in order to fabricate very shallow/thin complicated features in 

diamond, an etch technique with low etch rate and etch selectivity is required. For 

this reason, diamond etching with Ar/Ch plasma was investigated. The etch 

mechanism of Ar/Ch plasma will be explained in Chapter 7. 

5.3.1 Experimental Results and Discussion: Ar/Ch Plasma 

Figure 5.l6(a) plots the etch rate and etch selectivity of diamond etching with Ar/Ch 

plasma as a function of the ICP coil power at a fixed platen power of300 W. The gas 

pressure used was 5 mTorr with the Ar/Ch gas flow rates of25/40 sccm. 
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Figure 5.16 Etch rate and selectivity using (a) Ar/Ch and (b) Ar/02 plasmas as 

a function of ICP coil powers. The ICP platen power and gas pressure were 

fixed at 300 Wand 5 mTorr, respectively. 

It is observed that the etch selectivity remains almost constant regardless of the 

variation of Iep coil power. On the other hand, the etch rate increases linearly with 
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the rcp co il power which is explainable as the ion density increases with the ICP coil 

power. At high coil power, more chlorine radicals and Ar ions are generated and thi s 

results in an increase in the etch rate. The etch results shown in Figure 5. 16(a) also 

imply that the etch ra te of the photoresist increases with the ICP coil power owing to 

the fac t that the etch selectivity remains almost constant. Similar trend has also been 

observed in diamond Ar/0 2 plasma etching as shown in Figure 5 .1 6(b) and literature 

[6,8J. 

Figure 5.1 6(b) shows the etch rate and etch selectivity of Ar/0 2 plasma with the same 

etching conditions as Ar/Ch plasma except the gas flow rates of Ar/0 2 were 

15/40 sccm. By comparing Figure 5.1 6(a) and Figure 5. 16(b), it is clearly seen that at 

the same fCP coil power, the etch rate of Arl0 2 plasma is almost twice as high as the 

etch rate of AriCh plasma. Similar phenomena can be observed fo r the etch 

selectivity. These results show that AriCh plasma etching is preferable in the case 

that very precise control of the etch depth and very shallow etching are des ired. On 

the other hand, Ar/0 2 plasma should be used if deep etching of diamond substrate is 

necessary. 

5.3.1 .1 Fabrication of Positive Shallow Micro-lenses Using Ar/Cl2 Plasma 

Similar photoresist refl ow technique, as mentioned in subsection 5.2.2.1 , was 

applied to fabricate diamond pos itive shallow micro-lenses. In this experiment, the 

ICP etch recipe used is given as fo llows: etching conditions of Ar/Ch plasma were 

ICP platen power of 300 W, coil power of 400 W and gas pressure of 5 mTorr. The 

AdCI2 gas fl ow rates were 25/40 sccm. 

Figure 5. 17(a) shows the optical image of micro-lens arrays in a Type IIa natural 

diamond fa bricated by AriCh plasma etching. A three-dimensional AFM image of 

such a micro-lens with a diameter of 50 l·lIn is shown in Figure 5.17(b). No etch pit is 

observed on this natural diamond as reported in Section 5.2.2.2. The surface 

diameter and height of the micro-lens shown in Figure 5. 17(b) were measured to be 

approx imately 50 ~lIn and 0.75 1.1In respective ly. The surface RMS roughness of the 

diamond micro-lenses is less than 1.0 nm for a scanned area of 5 1·.lIn x 5 ~m . These 
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results show that the diamond lenses etched by AriCh plasma are smooth. Also, it is 

found that these diamond micro-lenses have a smoother surface than those fabricated 

by using Ar/02 plasma etching whose surface RMS roughness is approximately 3 nm 

with the same AFM scanned area [8J. The effect of the surface smoothing by using 

Ar/Ch plasma etching will be discussed in details in Chapter 7. 

(b) 

Figure 5.17 (a) Optical image of arrays of Type IIa natural diamond 

micro-lenses with different diameters, and (b) A three-dimensional AFM image 

of a diamond micro-lens with a diameter of 50 11m. 
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The profile of the diamond micro-lenses was reviewed by examining the 

cross-sectional scan of the AFM images. The measured cross-sectional profile of the 

diamond micro-lens with a surface diameter of 50 11m and the fitted circle profile are 

plotted in Figure 5. 18. It is observed that the difference between the two profiles is 

very sma ll. This indicates that the actual profile of the diamond micro-lens is very 

close to the desired spherical shape. 
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Figure 5.18 Measured and fitted surface profiles of the 50 Jim diameter 

micro-lens as shown in Figure 5.17(b). 

5.3.2 Applications of the Positive Micro-lenses: Micro-lensed Microchip 

VECSEL 114] 

Vertical-external cavity surface emitting lasers (VECSELs) have attracted much 

attention recently because of their attractive attributes including high-power, 

circularl y-symmetric output beams and versatility in operating wavelength [15-16]. 

The main element constituting a VECSEL is the semiconductor active structure: it is 

made by a quantum well gain region grown on top of a distributed Bragg reflector 

CDBR). The laser cavity is usually completed by an external mirror, or mirrors, 

separated from the semiconductor chip by an air-gap. An example of a conventional 
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VECSEL is shown in Figure 5.19(a). It can be seen that the laser cavity is separated 

from the semiconductor chip by an air gap. Heat di ss ipation from the gain region is 

important in order to power scale the output of such lasers. One solution to manage 

the heat effectively is to bond a high thermal conductive material such as diamond , 
directly on top of the semiconductor structure. Furthermore, this heat spreader 

approach opens up new applications such as the possibility to realise highly compact 

quas i-monoli thic VECSELs, called ~l-VECSEL, which can be accompli shed simply 

by mirror-coating the outer surface of the heat spreader. However, the laser cavity of 

the ~-VECSEL is mainly stabilised by a thermal lens appearing in the gain region 

when it is being pumped [17J. As the power is ramped up, the thermal lens effect 

increases and the fundamental mode size in the active region decreases. Hence, the 

mode-matching of the pump to the fundamental laser mode is only possible fo r one 

given power only and the output of the laser beam quality tends to degrade (due to 

the presence of the higher transverse modes) as the power is varied. To ensure stable 

fundamental mode operation in addition to excellent heat removal, micro-lensed 

~l-VECSEL, having a plano-concave cavity, as shown in Figure 5.19(b), has been 

fa bricated because the fundamental mode size is only determined by the physical 

characteri stic of the cold cavity [14J . 
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Figure 5.19 (a) A conventional VECSEL pumped by semiconductor diode 

laser. (b) A J.l-VECSEL stabilised by diamond lens. 
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This section demonstrates the operation and investigates the properties of an array of 

micro-lensed /-l-VECSELs whose plano-concave cavities are achieved by 

micro-patterning a diamond heat-spreader. This is a collaboration work together with 

Dr. Nicolas Laurand from the Institute of Photonics, University of Strathclyde where 

I was responsible in fabricating the good quality micro-lenses with different 

diameters with the height of 0.75 /-lm. Meanwhile Dr. Nicolas Laurand was 

responsible for the integration and deposition of an anti-reflection coating on top of 

the micro-lenses and finally characterising the integrated structures. 

5.3.2.1 Device Design and Fabrication 

The 1055-nm-emitting micro-lensed /-l-VECSELs under study are constituted of a 

semiconductor part liquid-capillarity bonded to a single-crystal diamond 

heat-spreader whose outer surface has been shaped into an array of spherical 

micro-lenses (/-l-lenses) and subsequently mirror-coated. The semiconductor structure 

consists of 10 InGaAs quantum wells (QWs) grown on top of a 30.5-pair 

AlAs/Alo.2Gao.8As DBR. A Si02/Ti02 coating, with nominal peak reflectivity of 95 

% at 1.055 /-lm and an anti-reflection at 808 nm, was deposited onto the diamond 

outer surface in order to create the concave output couplers. A schematic of an 

individual plano-concave /-l-VECSEL cavity is presented in Figure 5.20. The other 

device parameters as shown in the figure are thickness (t) of diamond substrate of 

250 /-lm and height (h) of micro-lenses of 0.75 /-lm. The etching conditions to 

fabricate the diamond micro-lenses have been mentioned in Subsection 5.3.1.1. 
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Figure 5.20 Schematic of an individual f.1-VECSEL [14]. 
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5.3.2.2 Experimental Setup and Results 

A schematic of the experimental set-up is shown in Figure 5.21. The Il-VECSEL 

array is directly mounted on a copper holder held at a temperature of 10 °C. The 

holder is fixed on a XYZ translation stage for alignment. The devices are pumped, 

through the heat-spreader, with polarisation coupled 810-IUTI diode lasers. The pump 

beam, with up to an average power of 210m W, is delivered using a 15-mm focal 

length lens (NA- 0.25), yielding pump spot size in the 13-30 Ilm range. It can be 

seen in Figure 5.21 (a) that the Il-VECSEL signal is separated from the pump by the 

use of a dichroic mirror followed by a high-pass filter. Figure 5.21 (b) shows the 

schematic diagram of the single Il-VECSEL probing. 
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Figure 5.21 (a) Experimental set-up. (b) Schematic of the single Il-VECSEL 

probing [14]. 

Given the micro-lensed Il-VECSEL parameters, the fundamental mode size in the 

gain region, i.e. at the sem iconductor plane, can be inferred by [14,16]: 

1 

wo =[~~~]' (5.1) 

where A is the wavelength in vacuum, n is the heat-spreader refractive index 

(and for diamond at A - I Ilm, n - 2.42) and R is the radius of curvature of the 

micro-lens. The calculation of the radius of curvature is explained in Chapter 2. 

From Figure 5.22, it can be seen that the fundamental mode mo size increases with 

the lens diameter d with respect to the radius of curvature R, and a cut-off exists at 
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d = 25 11m (R ~ 105 11m). The cavity is therefore stable only for d > 25 11m. For d 

varying from 40 to 100 11m (R ~ 267 to 1667 11m) the fundamental mode diameter 

ranges from 12 to 22.5 11m. The number of modes that can oscillate depends on the 

mode-matching conditions. If the pump spot size matches the fundamental mode size , 
the laser operates mainly in the TEMoo mode because the higher order modes have a 

bigger spot size. On the other hand, if the pump spot is big enough to excite higher 

order modes, then the laser tends to operate in a superposition of modes. 
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Figure 5.22 Fundamental mode (2 wo) and pump diameter (2wp) as a function 

of lens diameter d (bottom axis) and radius of curvature R (top axis) [14]. 

In the experiment the pump is focused down onto a single array element through the 

top of the device. For a given focuser, the pump spot size that can be achieved on the 

gain region depends on the Il-lens focal length, which itself depends on the Il-lens 

diameter. The expected pump spot size can be calculated if one knows the pump 

beam characteristics before the focuser and by considering the Il- lens as a lens of 

foca l light as given by Equation (5.2). Considering that the refractive index of air is 1, 

the focal lengthf of this surface lens can be obtained by employing Equation (2.6) as: 

fed) = nR(d) (5.2) 
(n - I) 
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The pump beam was measured to have a Ve2 radius of 1.25 mm right before the 

focuser. Results of the pump spot calculations for a 15-mm focal length of focusing 

lens are shown in Figure 5.22 along with the fundamental spot size. A minimum 

pump spot size smaller than the fundamental mode size indicates that mode-matching 

is possible by simply changing the position of the focus with respect to the 

/l-VECSEL. In this work, it is found out that the mode-matching is possible for 

devices with /l-lens diameter above ~ 65 /lm (R > 705 /lm). Below this value the 

pump spot is wider than the fundamental mode, which favours the excitation of 

higher transverse modes [14]. 

To enable mode matching condition, a mode-matched device with /l-lens diameter of 

90 /lm has been characterised. Figure 5.23 shows the output laser beam of the 

micro-lensed /l-VECSEL. It can be observed that the output laser beam does not 

degrade over a large pump power (i.e. up to 200 W), indicating the high quality of 

the micro-lensed /l-VECSEL device. In addition, the output of the laser beam is 

limited by the pump power. It can be estimated that the efficiency of the laser beam 

is about 35 %. The threshold power of the output beam is about 25 mW. 
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Figure 5.23 Output laser beam of a micro-lensed J.1-VECSEL with lens 

diameter of 90 J.1m [14]. 
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5.4 Summary 

In this chapter, detailed investigations on ICP etching of diamond using different 

plasmas, in this case oxygen-based (Ar/02) and chlorine-based (Ar/Ch) plasma, and 

the effect of the various ICP platen powers, coil powers and gas pressures on the etch 

rate are presented. Fabrication of various micro-structures including micro-spherical 

positive and negative lenses is studied. This work also presents an optical application 

using diamond positive micro-lenses as a laser-cavity-integrated element 

(micro-lensed /l-VECSEL) to ensure stable fundamental mode operation (reducing 

thermal lens effect for high power pump laser) in addition to excellent heat removal 

from the /l-VECSEL. 

In this work, the highest etch rate obtained using Ar/02 plasma (25/40 sccm) is 

0.22 /lm/min with the etching conditions of ICP platen power of 300 W, coil power 

of 800 Wand gas pressure of 10 mTorr. A comparison between Ar/02 plasma and 

Ar/Ch plasma has been carried out. It is found that the diamond etch rate and etch 

selectivity using Ar/Ch pl~sma is only half of those by using Ar/02 plasma, which 

enables a good control on the etch depth for fabricating diamond microstructures. In 

addition, it is observed that Ar/Ch plasma gives a smoother surface than the diamond 

micro-lenses fabricated by using Ar/02 plasma although studies show that the latter 

does not damage the surface during etching. Nevertheless, Ar/Ch plasma is 

preferable if precise and very shallow etch depth (Le. less than 10 nm) is desired, 

while Ar/02 plasma is employed for deep etching. Hence, Ar/02 plasma has been 

chosen to fabricate deep micro-structures including micro-cylindrical lenses, 

micro-ring lenses and micro-trenches, as shown in Chapter 6. 
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Chapter 6 

Special Diamond Micro-Optics: Micro-cylindrical, 

Micro-ring, Complex Micro-lenses and Optical Gratings 

6.1 Introduction 

In chapter 5, spherical diamond micro-lenses such as convex (positive), concave 

(negative) and micro-lensed microchip VECSEL have been discussed. In this chapter, 

the fabrication and characterisation of various special diamond micro-optical 

components including micro-cylindrical and ring lenses, complex micro-lenses and 

diamond gratings will be presented. 

6.2 Diamond Micro-cylindrical and Micro-ring Lenses 

Instead of simple spherical micro-lenses, more complex forms of micro-optical 

components such as micro-cylindrical and micro-ring lenses are required for 

manipulating light beam and developing new optical filters, micro-cavities and 

micro-ring resonators. 

Micro-cylindrical lenses can be applied to focus collimated light along one axis or to 

circularise the beam from a laser diode by arranging two cylindrical lenses 

perpendicularly to each other [1]. Fu et al. showed that the integration of a Si0
2 

micro-cylindrical lens with a laser diode can lead to the improvement of COupling 

efficiency [2-3]. It has also been reported that the astigmatism in a diode laser 

collimator can be corrected by placing a concave micro-cylindrical lens in front of 

the collimator [2]. However, to our best knowledge, the fabrication of micro-ring 

lenses has not yet been reported. Nevertheless, micro-ring structures such as 

micro-resonators and micro-light emitters in ring format have recently attracted 

much attention [4-7]. Applications of such concepts in areas including 

deep-ultraviolet LEDs [8] and ultraviolet laser diodes (where the refractive index of 

diamond is a close match to that of gallium nitride), diamond single-photon Sources 

[9] and biomedical sensors and in-vitro imaging systems would all benefit from the 

availability of novel optical microstructures formed in diamond. It is expected that 
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the micro-cylindrical and ring lenses made of diamond will have excellent 

performances such as high thermal stability and high transparency over a wide range 

of wavelengths. This section will focuses on fabrication and characterisation of 

diamond micro-cylindrical and micro-ring lenses. 

Similar fabrication process to that of making the positive spherical micro-lenses, as 

described in Section 5.2.2, was applied to fabricate diamond micro-cylindrical and 

micro-ring lenses. These micro-cylindrical and micro-ring lenses were fabricated in 

Chemical-vapour-deposition (CVD) diamonds utilising rcp Ar/02 plasma etching. 

The surface profile and quality of the diamond micro-cylindrical and micro-ring 

lenses were evaluated by atomic force microscopy (AFM). Laser scanning 

reflection/transmission confocal microscopy, which is a new technique for measuring 

micro-optical components [10-12], was used to characterise the optical properties of 

these diamond lenses. The experimental setup of the confocal microscope has been 

reported Chapter 4. 

6.2.1 Micro-cylindrical Lenses 

The fabrication of micro-cylindrical lenses involves the standard photolithography 

and photoresist reflow technique, which has been described in Section 3.4. The 

photolithography process was performed by utilising a special mask which consists 

of a micro-lens array with a micro-lens width and length of 20 J.lm and 200 J.lm, 

respectively. The micro-structures were then etched using rcp tool. The rcp etching 

recipe for fabricating the micro-cylindrical lenses is listed in Table 6.1. Under these 

conditions, the etch rate is 0.065 J.lm/min. The etching duration was set to 20 minutes. 

Table 6.1 ICP parameters for fabricating diamond micro-cylindrical lenses 

by using Ar/02 plasma etching. 

Coil Power Platen Power· Gas Pressure Gas flow rates of 

(W) (W) (mTorr) Ar and O2 (sccm) 

400 50 5 15/40 
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A three-dimensional (3D) AFM image of a portion of a representative diamond 

micro-cylindrical lens is shown in Figure 6.1 (a). The base width of the lens was 

measured to be 20 /lm. In the lens array, all the fabricated micro-cylindrical lenses 

have the same height of 1.25 /lm . The AFM measurements show that the surface 

RMS roughness of the diamond micro-cylindrical lenses is less than 3 nm for a 

scanned area of 5 x 5 /lm. This is in the same range as the roughness at the 

non-etched surface. This result indicates that the Iep etching using Ar/02 plasma 

does not make the diamond surface rougher. For their optical applications, it is quite 

important that the diamond lenses have a very smooth surface especially when 

integrated with photonic and optoelectronic devices to make a micro-optical system. 

Evaluation of the profile of the diamond micro-cylindrical lenses was undertaken by 

examining the cross-sectional profile extracted from AFM images. The measured 

profiles were then compared to the theoretical curvature of a circle. Such a measured 

cross-sectional profile of a micro-cylindrical lens and its fitted circular profile are 

plotted in Figure 6.1 (b). There is only a small deviation between the measured and 

fitted profiles, indicating the cross-sectional profile of the fabricated 

micro-cylindrical lenses is very close to spherical in shape. 

Figure 6.1 
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(a) AFM image and (b) measured and fitted surface profiles for a 

CVD diamond micro-cylindrical lens of 20 11m base width. 
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A confocal plane-view refl ection image of the diamond micro-cylindrical lens array 

with a lens width of 20 ~lm is presented in Figure 6.2(a). This image shows that the 

micro-lenses were well defined. A confocal plane-view transmission section at the 

focal plane of the micro-cylindrical lens array is shown in Figure 6.2(b). The sharp 

focal lines are clearly observed in this image. The trace at the top of Figure 6.2(b) is 

an intensity scan at the focal plane of the micro-cylindrical lenses. This section 

image shows that the light intensity at the focal lines of the micro-cylindrical lenses 

is quite uniform not only along the lens but also from lens to lens, confirming the 

high uni formity of the fabricated micro-cylindrical lenses. 

Figure 6.2 (a) Confocal plane-view reflection image and (b) Confocal 

plane-view transmission sections at the focal plane of a CVD diamond micro­

cylindrical lenses with a lens width of 20 .urn. Inset at the top of (b) is the light 

intensity scan along the dashed line as shown in the image. 

During the measurement, X-Z, Y-Z and X-V optical sections were collected to fully 

reveal the characteri stics of the measured optical component. Z is defined as the 

perpendicular distance from the lens while X and Y as the orthogonal co-ordinates 

fo r a section plane at a given value of Z from the lens. By combining both of the 

refl ection and transmission images, the light propagation at diffe rent planes can be 

obtained. Figure 6.3(a) is a schematic diagram showing the function of the 
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micro-cylindrical lenses and the coordinate denotation. A cross-sectional 

(X-Z section) transmi ssion confoca l image of the diamond micro-cylindrical lens 

array is shown in Figure 6.3(b). It is evident that the collimated light rays, after 

passing through the lenses, converge to a foca l point. Each foca l point represents a 

foca l line as shown in Figure 6.2(b). Figure 6.3(c) show the confocal transmission 

section perpendicular to both foca l plane and the X-Z plane of the lenses, i.e. Y-Z 

section. From this optical section, it can be seen clearl y that due to the spherical 

aberration, the transmission rays do not converge to the same point. 
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Figure 6.3 (a) Schematic diagram showing the function of the 

micro-cylindrical lenses and the coordinate denotation. (b) Image of the 

confocal reflection/transmission X-Z scan and (c) confocal plane view 

transmission section at the focal plane of a CVD diamond micro-cylindrical 

lenses with diameter of 20 f.1m. The scanning has been performed along one of 

the micro-cylindrical lenses. 
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In cross-section, the micro-cylindrical lenses can be regarded as plano-convex lenses. 

For a beam through a diamond convex lens and focused into the air, the paraxial 

focal length f of a plano-convex lens can be obtained using Equation 2.10 in 

Subsection 2.2.2: 

(6.1) 

where n is the reflective index of the diamond lens, rand h are the half surface width 

and the height of the lens, respectively. The value of n for diamond is 2.42 at the 

wavelength of 532 nm used in the confocal microscopy measurement. From the 

confocal microscopy image as shown in Figure 6.3(b), the focal length of the 

micro-cylindrical lens with a lens width of 20 /lm is estimated to be 27 ± 1 /lm, 

which is very close to the calculated value of 28.6 /lm (using Equation 6.1), 

indicating the high fidelity of the diamond etch process. 

6.2.2 Micro-ring Lenses 

The micro-ring lenses were fabricated using standard photolithography and reflow 

techniques, as described in Section 3.4. A special designed photomask consisting of 

micro-ring structures with the ring widths of 25, 35 /lm and 45 /lm was adopted. The 

micro-structures were then etched using ICP tool. The ICP etch recipe for fabricating 

the diamond micro-ring lenses is the same as that for fabricating the diamond micro­

cylindrical lenses. The etching duration was set to 20 minutes. The ring lenses with 

various ring widths (i.e. 25, 35 and 45 /lm) were fabricated. 

The fabricated micro-ring lenses were characterised by an AFM. Figure 6.4(a) is a 

3D AFM image showing a section of a diamond micro-ring lens with a ring width of 

25 /lm. This image shows that the micro-ring lenses have the same height with 

micro-cylindrical lenses of 1.25 /lm. The surface RMS roughness has also been 

measured by AFM and found to be less than 3 nm for a scan area of 5 /lm x 5 /lm. 

The surface profile of the micro-ring lens was obtained by scanning a cross section 

of the lens. The measured profile was then fitted to a curvature of a circle. Such a 

measured profile and its fitted circular profile of a micro-ring lens are plotted in 
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Figure 6.4(b). It can be seen that the variation between measured and fitted profiles is 

very small, indicating the cross-sectional profile of the micro-ring lens is very close 

to circle in shape. These results demonstrate that the fabricated diamond micro-ring 

lenses have good structural and surface qualities and are suitable for optical 

applications. 
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Figure 6.4 (a) AFM image and (b) measured and fitted surface profiles of a 

CVD diamond micro-ring lens of 25 J.1m base width with diameter of 180 J.1m. 

Figure 6.S(a) shows a confocal plane-view reflection image of a diamond micro-ring 

lens with a ring width of 35 /lm. This image shows that the fabricated micro-lens is 

well defined. A confocal transmission optical section at the focal plane of the 

micro-ring lens is shown in Figure 6.5(b). A sharp and uniform focal ring is clearly 

observed in this image, demonstrating high structural uniformity and high optical 

quality of the diamond micro-ring lens. Figure 6.6(a) is a schematic diagram Showing 

the function of the micro-ring lenses and the coordinate denotation. A cross-sectional 

(X-Z section) transmission confocal image of a represented micro-ring lens is shown 

in Figure 6.6(b). 
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Figure 6.5 (a) Confocal plane-view reflection image and (b) confocal 

plane-view transmission sections at the focal plane of a CVD diamond of 

micro-ring lens with a ring width of 35 11m. 
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Figure 6.6 (a) Schematic diagram showing the function of a micro-ring lens 

and the coordinate denotation. (b) Image of the confocal reflection/transmission 

X-Z scan of the diamond micro-ring lens with ring width of 45 11m. 
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The focal lengths for the micro-rings were measured in the same way by using the 

confocal microscope. The measured (calculated) values for the micro-ring lenses 

with ring widths of 25, 35 and 45 !lm are 45±1 !lm (44.5 ~lm), 85±1 !lm (86.7 !lm) 

and 142±1 !lm (143.0 !lm) respectively. Figure 6.7 shows the relationship between 

the focal length and curvature radius of the micro-ring lenses. It can be seen that the 

measured focal lengths are quite close to those calculated from Equation (6.]). 
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Figure 6.7 Relationship between focal length and curvature radius of 

diamond micro-ring lenses. The experimental error is ± 1 f.1m. 

At the focal point of a spherical lens, the diffraction-limited spot size d IS 

theoretically given as [13]: 

d = 2.44/)" 
D (6.2) 

where A is the wavelength of the beam, f is the focal length and D is the diameter of 

the lens. In the cases of cylindrical and ring lenses, D should be the lens width. 

The measured spot sizes for the micro-cylindrical lens of 20 !lm lens width and the 

micro-ring lens of 35 !lm ring width are I !lm and 3 !lm respectively. They are very 

close to the theoretical values calculated for both of the micro-cylindrical and ring 
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lenses, based on Equation (6.2), with spot sizes of 1.86 /lm and 3.22 /lm, respectively. 

The fratio, defined as j/D and therefore closely related to the spot size, serves as one 

of the important lens parameters. For a given lens diameter (width), the 

diffraction-limited spot size can be reduced by decreasing the focal length of the lens. 

The lens with a short focal length can be fabricated by decreasing its half surface 

width as shown by Equation (6.1). However, spherical astigmatism of the lens 

becomes prominent with decreasing the curvature radius of the lens. 

6.3 Diamond Complex Micro-lenses 

Complex micro-lenses have wide applications. For example, beam scanning can be 

realised by using two single lenses separated by a distance of two focal lengths [14]. 

Beam scanning by utilising two micro-lenses offers advantages such as a large scan 

angle and better aberration improvement [14]. To date, complex lenses have been 

heavily utilised in microscopes, telescopes and many other optical applications. 

However, to the best of our knowledge, complex micro-lenses on diamond have not 

been reported although diamond has attractive optical properties [15-16] such as a 

wide optical transmission bandwidth and a high refractive index for the confinement 

and guiding of light. 

In this work, the design of the complex micro-lenses has been studied and the 

fabrication processes have been developed so as to fabricate diamond complex 

micro-lenses. The optical functionality of the complex micro-lenses was 

characterised by a laser sca~ing transmission/reflection confocal microscope. These 

investigations are reported in the following sections. 

6.3.1 Optical Design 

Figure 6.8 is a schematic diagram showing how a parallel beam is focused and 

re-imaged when passing through a diamond complex lens consisting of two spherical 

convex surface lenses. 
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Air 
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Figure 6.8 Schematic diagram of the complex micro-lenses with two 

converging points, one lying inside the substrate and the other is re-imaged 

outside of the substrate •. 

Following the rule of refraction, the incident parallel beam from air into the diamond 

is first converged to a point by the first surface lens (bottom lens). The focallength,j 

of this surface lens can be obtained by employing Equation (2.7). Considering that 

the refractive index of air is 1, the equation can be simplified as: 

(r2 + h2)n 
j=-'----~ 

2h(n-l) (6.3) 

where n is the refractive index of diamond, r is the surface radius of a micro-lens , 
h is the height of the micro-lens. 

This focal point can be re-imaged by the second micro-lens (top lens). The 

relationship between object and image distances is expressed by Equation (2.8) in 

Section 2.2.2. Again, as the refractive index of air is 1, this relationship is simplified 

as: 

q = 2hp(n -I) - (r2 + h2)n (6.4) 

where p and q are the object and image distances of the top micro-lens respectively. 
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6.3.2 Fabrication of Complex Micro-lenses 

The diamond substrate used for complex lens fabrication is a double-side polished 

circular type IIa natural diamond with a diameter of 4 mm and a thickness of 330 J.lm. 

The top micro-lens pattern was first fabricated in photoresist using the standard 

photolithography and photoresist-reflow method as described in Section 3.4. The 

photoresist lens array pattern was then transferred onto the diamond substrate by rep 
Ar/02 plasma etching. The rep etch parameters employed were: a platen power of 40 

W, a coil power of 400 W, a chamber pressure of 5 mTorr, and Ar/02 flow rates of 

15/40 sccm. Under these conditions, the diamond etch rate is 0.05 J.lm/min. To 

fabricate the top diamond micro-lenses with a height of 1.56 11m, the total etch time 

was set to 32 minutes. The etch selectivity is estimated to be 0.14. These top 

diamond micro-lenses have a surface diameter of 29 J.lm and based on Equation (6.1), 

the focal length of these lenses can be calculated to be 48 J.lm. 

The same process steps w~re applied to fabricate the second lens array at the bottom 

side of the diamond substrates. During the photolithography, the bottom micro-lenses 

were aligned carefully so that each micro-lens at the bottom side of the substrates 

was aligned exactly to that at the top side. Diamond micro-lenses at bottom side with 

a surface diameter of 27 J.lm and a height of 1.71 J.lm were fabricated after the rep 
Ar/02 plasma etching for 35 minutes. 

6.3.3 Experimental Results and Discussion: Natural Diamond Complex 

Micro-lenses 

Figures 6.9(a) and 6.9(b) show the optical images of the top and bottom micro-lens 

arrays of the diamond complex micro-lenses, respectively. Figure 6.9(c) is the optical 

image focused at between the top and the bottom micro-lens arrays. This image 

shows that the top and bottom micro-lens arrays are well aligned. 
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a (b) (c) 

Figure 6.9 (a) Optical images of the array of the top micro-lenses fabricated 

on natural diamond, (b) bottom micro-lenses of the complex diamond 

micro-lenses, and (c) optical images of a microscope with the focal points lie in 

between the two micro-lenses. 

Confocal microscopy was employed to characterise the functionality of these 

complex diamond micro-lenses. Figure 6.1 O(a) shows the confocal transmission 

optical sections of the three complex diamond micro-lenses. Figure 6.1 O(b) shows 

the schematic diagram of the beam passing through the diamond micro-lenses. It is 

observed in Figure 6.10(a) that the beam has two converging points. The bottom 

converging point lies inside the diamond while the top one falls into the air. The 

value of n for diamond is 2.42 at the wavelength of the laser beam of 532 nm used 

for the confocal microscopy measurement. The focal length of the bottom 

micro-lenses, f , is calculated to be 92.27 Jlm using Equation (6.3), which is quite 

close to the measured value of 94 Jlm. The object distance, p , for the top micro-lenses 

IS: 

p=d-f (6.5) 

where d is the substrate thickness. p was calculated as 237.73 Jlm. By using 

Equations (6.4) and (6.5), the image distance of the top micro-lenses was determined 

to be 93.89 Jlm. The positive sign of the image distance indicates that the final image 

is real. The confocal microscopy measurement gives the image distance of the top 

micro-lenses as 97 Jlm. This shows that both theoretical calculations and 

experimental results are very close indicating the high fidelity of the fabrication 

process. 
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Figure 6.10 (a) Confocal cross section transmission/reflection sections of an 

array of complex diamond micro-lenses. (b) Schematic diagram of the ray 

passing through the micro-lenses. 
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6.4 Diamond Optical Gratings 

As described in Chapter 1, diamond possesses a very high thermal conductivity, very 

low thermal expansion coefficient (1.0 ppmlK) and temperature coefficient of 

refractive index (dn/dT = 1.0 x 10-
5 

K-
1
). These superb properties make diamond an 

ideal material for developing highly thermal stable optics such as gratings. 

Comparing with the optical components made from optical materials such as Zinc 

Selenide (ZnSe) and quartz, diamond optics can withstand high power light 

irradiations and therefore are more suitable for high power laser applications. In 

addition, the optical properties of diamond optics are not sensitive to the temperature 

variation, which is imperative for the development of temperature-independent 

optical devices. In this work, the diamond reflection gratings were fabricated and 

characterised. These investigations are described in the following sections. 

6.4.1 Fabrication of Diamond Gratings 

A Si02 layer with a thickness of 1 J.lm was first deposited on a HPHT diamond 

substrate by using Plasma Enhanced Chemical Vapour Deposition (PECVD). It was 

then spin-coated with a 0.5 J.lm thick photoresist (S 1805) layer. The grating pattern 

with a width of 4.5 J.lm and a period of 6 J.lm was fabricated in photoresist using 

standard photolithography technique. A schematic diagram of the fabrication process 

is shown in Figure 6.11. 

The grating patterns were then transferred onto the Si02 by RIE etching with 

Ar/CHF 3 plasma. The etch parameters are: flow rates of Ar and CHF 3 were set to 

15 sccm and 5 sccm, respectively, platen power of 200 Wand a gas pressure of 

20 mTorr. After the Si02 etching, the photoresist pattern was stripped. The grating 

pattern in Si02 then served as an etch mask to transfer the pattern onto the diamond 

substrate by ICP Ar/02 plasma etching. During the rcp etching, the flow rates of Ar 

and O2 used were set to 5 sccm and 45 sccm. The rcp platen and coil powers were 

300 Wand 50 W, respectively. The pressure was set to 5 mTorr. The high ICP platen 

power used enable the Ar ions to obtain high energy, resulting in heavy ion 

bombardments on diamond. Thus the anisotropic vertical etching predominates 
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during the process. Under the etch conditions, diamond gratings with high vertical 

side walls have been fabricated. 

diamond 

I 
diamond 

diamond 

diamond 

diamond 

~*2.3f!m diamond 

Figure 6.11 Fabrication processes of diamond gratings. 

6.4.2 Experimental Results and Discussion: Optical Gratings 

The surface profile and quality of the diamond gratings fabricated were evaluated by 

AFM and SEM techniques. Figures 6.12 (a), (b) and (c) show the SEM images of the 

diamond grating. The magnified images of the grating were shown in Figure 6.12(b) 

and Figure 6.12(c). Vertical side walls are observed in these figures. As shown in 

Figure 6.12, the measured period of the grating is 6 11m which is the same as the 

designed value. 
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Figure 6.12 SEM images of a diamond optical grating with a width of 4.5 11m 

and a period of 6 11m under magnifications of (a) 5k, (b) 12k and (c) 20k. 

In order to measure the height of the diamond gratings, AFM has been used. Figure 

6.13 shows a three-dimensional (3D) AFM image of a section of the diamond 

grating. The height of this grating was measured to be 2.3 )lm. It is noticed that the 

side wall shown in the AFM image (Figure 6.13) seems to be sloping. This AFM 

measured profile is quite different from that measured by SEM (see Figure 6.12). It 

is considered that the sloping side wall shown in the AFM image does not represent a 

real wall profile. Since the AFM tip has a certain size, during scanning it cannot 

follow the real wall profile exactly especially when a sharp structural change is 

involved. In this case, SEM is a preferable tool to obtain accurate information on the 

surface morphology. 
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Figure 6.13 AFM image of a section of the diamond grating. 

To evaluate the optical functionality of the diamond grating, reflection measurement 

has been performed. The experimental setup of the measurement is presented is 

Figure 6.14. A 632 nm laser was employed as a light source for the measurement. 

During the measurement, diamond grating and incident angle (45°) are fixed. A 

polariser was placed in front of the laser. We can change the position of the polariser 

so that the diamond grating is irradiated by only linear polarised light either 

perpendicular or parallel to the grating as shown in Figure 6.14. A detector was 

located at a radial position of 17.5 Col from the diamond grating during the 

measurement. By varying the position of the detector, the intensity of the reflected 

light (in m V) was collected. For this setup, the maximum reflection angle is limited 

at 50° by the sample holder. This experiment was performed by Dr. Stephane Calvez 

from the Institute of Photonics in University of StrathcIyde. 
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Figure 6.14 Experimental setup for the diamond reflection grating 

measurement. Inset is the position of the polariser with respect to the diamond 

grating (i.e. polarised laser beam either perpendicular or parallel to the 

diamond grating). 

Figure 6.15 shows how the reflection of the diamond grating varies with the detector 

angles. The reflection peaks with different orders can be seen clearly in this figure 

demonstrating the grating functionality. The measurement shows that the first 

reflection order occurs at the angle of 43°. The second, third, fourth and fifth orders 

were measured at the angles of 36°, 29°, 21 0, 14° and 5°, respectively. It can be 

observed that there are more negative orders than the positive orders, which might be 

due to the experimental setup (i.e. the position of the sample). 
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Figure 6.15 Reflection of diamond gra.ting at various reflection angles. 

The reflection peak angle can be calculated by using Equation (2.13) [17]: 

mA = a(sin e
lll 

- sin e;) 

where m is the order of reflection, a is the grating period, A is the wavelength of the 

laser beam (632 nm), em is the reflection peak angle and e; is the incident angle 

(i.e. 45°). Calculated em is shown in Table 6.2. 

Table 6.2 Comparisons of measured and calculated angle of reflection. 

Reflection order Measured Peak Calculated Peak Deviation 

(m) Angle of Reflection Angle of Reflection (Oll/e - Oll/c)/o 

(Oll/e! ± 2°) (Oil/c/O) 

+1 50 54.3 -4.0 

0 43 45.0 -2.0 

-1 36 37.0 -1.0 

-2 29 29.8 -0.7 

-3 21 23 .0 -2.0 

-4 14 16.6 -2.6 

-5 5 10.4 -5.4 
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It can be seen that for each diffraction order, there is a deviation between 

experimental and calculated reflection angles. Also, the deviation increases when the 

reflection order becomes more negative or positive. It may be due to the 

experimental setup or the experimental error caused. by the equipment 

(± 2°) while measuring the peak reflection angle. Based on Equation 2.13, the 

incident angle should be the same with the reflection peak angle at zero order of 

reflection regardless of the period of grating and wavelength of the laser beam. 

Nevertheless, the reflection peak angle has been measured as 43° instead of 45°. This 

result implies that the incident angle may not be 45°. In addition, there may be a 

small deviation of the angle of detection from the actual angle of reflection. Hence, 

the inaccuracy of the experimental setup may have led to the deviation between both 

experimental and calculated angle of reflection. 

6.5 Summary 

Diamond micro-cylindrical and micro-ring lenses have been successfully fabricated 

using photoresist re-flow technique and ICP Ar/02 plasma etching. Diamond gratings 

were fabricated by employing Si02 mask. Evaluations of the profiles of these 

micro-lenses were undertaken by comparing the measured profiles with the 

theoretical curvature of a circle. It reviews that there is only a small deviation from a 

perfect spherical surface, indicating the micro-lenses fabricated are very close to the 

spherical in shape. A laser scanning confocal reflection/transmission microscopy 

technique has been adopted to evaluate the optical properties of the diamond 

micro-lenses. Confocal microscopy measurements show that both micro-cylindrical 

and ring lenses exhibit high optical quality and designed functionality. 

Diamond complex micro-lenses were fabricated onto the both sides of the diamond 

substrate using ICP Arl02 plasma. The focal lengths of the micro-lenses on both 

sides were carefully designed and calculated based on the refraction formula at the 

spherical surface by taking into account the light beam direction (into the substrate or 

out of the substrate). The micro-lenses with designed optical parameters were 

accomplished by controlling the surface diameter and the height of the micro-lenses 

during the fabrication process. The laser scanning reflection/transmission confocal 

136 



Chapter 6 Special Diamond Micro-optics 

microscopy confirmed that there were two converging points as the laser beam was 

irradiated through the substrates. 

./' 

Finally, diamond gratings with depth of 2.3 f.lm have been successfully fabricated. 

The period of the grating was measured as 6 f.lm. The SEM pictures show that the 

fabricated grating has well-defined sidewall. In addition, the functionality of the 

diamond grating has been demonstrated by the reflection measurement. 
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Chapter 7 

Process Development for Fabricating Diamond 

Micro-electronic Devices 

7.1 Introduction 

Intrinsic diamond is an insulating material with a large resistivity (> 1015 Ocm) [1]. 

However, diamond can be converted into a semiconducting material once 

successfully doped. Boron-doped diamond possesses a unique combination of 

desirable properties such as high breakdown field and high hole mobility [1]. These 

properties make diamond attractive for a variety of electronic applications. One of 

the most notable differences of diamond from other semiconductors is its wide 

energy gap, 5.45 eV at room temperature [1-7] providing a high breakdown field. 

These features, combined with the surface stability of diamond at high temperatures, 

make it an ideal candidate for high-temperature electronic applications. Diamond's 

thermal conductivity, 20 Wcm-IK"I at room temperature, is the highest for any 

material [3], which facilitates thermal management and heat removal from diamond­

based electronic devices. Furthermore, it is well known that device failure is 

typically caused by the degradation of the device structure as a result of dopant 

diffusion during high-temperature operation. Hence the low diffusion coefficient of 

impurities and the low chemical reactivity of diamond are highly demanded 

properties for achieving device reliability at high-temperature [1,3]. 

Electron and hole mobilities of 4500 and 3800 cm
2
Ns, respectively have been 

measured in the single crystal high purity chemical vapour deposited diamond [4]. 

Thus, diamond is a potential material to develop novel electronic devices for high 

power, high temperature and harsh-environment applications. In fact, diamond-based 

Metal Semiconductor Field Effect Transistors (MESFET) [8], Metal Insulator 

Semiconductor Field Effect Transistors (MISFET) and Metal Oxide Semiconductor 

Field Effect Transistors (MOSFET) have been reported [9]. A typical MISFET 

device is illustrated in Figure 7.1. For such MISFET devices, a Schottky contact for 

field control of the device is normally fabricated on top of the intrinsic diamond or 
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other dielectrics, such as Ah03 and Si02. On the other hand, ohmic contacts are 

formed directly on the highly-doped (usually boron-doped) thin diamond layer. In 

order to achieve a strong field control from the gate, the intrinsic or the dielectric 

layer is usually designed to be very thin (in the nanometer region). 

Drain Gate SoW'ce 

Diamond substrate 

Figure 7.1 A typical diamond MISFET device with boron-doped layer [3]. 

To fabricate high-quality diamond electronic devices, highly smooth and 

free-of-damage diamond surface is also a key requirement. This is because the 

performance of the electrical contacts is greatly influenced by the surface. In this 

work, a new diamond ICP dry etch technique with Ar/Ch plasma has been developed. 

It will be shown that the ICP ArlCl2 plasma etching has capabilities of smoothing the 

diamond surface and hence fulfilling precise etch control. 

Although Ar/Cb plasma etching has been employed to etch several hard materials 

such as Gallium Nitride (GaN) [10], Silicon Carbide (SiC) [11] and sapphire [12] , to 

the best of our knowledge, diamond Ar/Cb plasma etching has not been previously 

reported. In this chapter, the effect of AriCh plasma etching on the diamond surface 

smoothing will be studied and the etch rate investigation of using Ar/Ch plasma has 

been reported earlier in Section 5.3. AFM was employed to study the surface 

morphology of the etched diamond. The diamond materials studied include natural 

type IIa diamond, high pressure and high temperature (HPHT) diamond and 

polycrystalline chemical vapour deposition (CVD) diamond. The experimental 
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results show that AriCh plasma etching is capable of smoothing diamond surface. 

Using the optimised etching conditions, diamond electronic devices such as MISFET 

devices have been fabricated. 

7.2 Experimental Results and Discussion : Surface Smoothing 

To study the effect of ArlCI2 plasma etching on the diamond surface, various ICP 

etch conditions such as ICP coil power and etching duration, have been exploited in 

detail. 

7.2.1 Variation ofICP Coil Power 

A series of rcp coil powers of 100, 400 and 900 W with a constant ICP platen power 

of 300 W were employed. The other ICP parameters used were: a chamber gas 

pressure of 5 mTorr, flow rates of 25 sccm for Ar and 40 sccm for Ch. The etching 

duration was kept at 3 minutes for this experiment. Figure 7.2 plots the surface 

root-mean-squared (RMS) roughness of a etched natural diamond as a function of 

ICP coil power. The surface RMS roughness of as-received sample was measured to 

be 1.1 nm for a 5 x 5 11m area using AFM technique. 
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1.2 • ,-, • I. I 
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0.8 
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ICP Coil Power (W) 

F· 72 Surface RMS roughness as a function of ICP coil power with Igure . 

etching duration of 3 mins, chamber pressure of 5 mTorr and Ar/Ch flow rates 

of 25/40 sccm. 
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It is observed that the surface roughness decreases to a minimum of - 0.8 nm when 

the coil power increases to 400 W. Thus, an ICP coil power of 400 W was selected 

when studying the effects of etching durations on the surface roughness as reported 

in the subsection 7.2.2. -----

The etching mechanism of SiC in Ar/Ch plasma has been studied by Jiang et al. [11] 

and the following etch process was proposed: 

SiC + Ch -7 SiClx + CClx (7.1) 

Hence, one could anticipate that the etching mechanism of the diamond with Ar/Ch 

plasma to be: 

C + Ch -7 CClx (7.2) 

During the process, Ar ions bombard diamond and knock out the carbon atoms from 

the diamond surface, which enables the chemical reaction of the chlorine ions with 

the carbon atoms to form the ~tch products of CClx • The etch product, CClx, has been 

found to be volatile [11] and thus is pumped out from ICP chamber. 

7.2.2 Variation of Etch Duration 

It is anticipated that the etch effect using Ar/Ch plasma on natural diamond should be 

quite similar to the HPHT diamond. For this reason, HPHT diamond was employed 

in the study of the influence of the etch duration towards surface smoothness. To 

investigate the effect of etch time, HPHT diamonds of highly smooth surface (with 

surface RMS roughness of less than 1 nm) were etched at various durations of 

5, 10, 20 and 30 minutes. The ICP parameters used for this study were: a platen 

power of 300 W, a coil power of 400 W, a chamber pressure of 5 mTorr, flow rates 

of 25 sccm for Ar and 40 sccm for Ch. The surface roughnesses of the samples were 

measured by AFM technique with a scanning area of 1 x 1 /lm. 

Figure 7.3 shows the surface RMS roughness of the diamond samples as a function 

of etching duration whereas Figures 7.4(a) to 7.4(e) show the three-dimensional (3-D) 

AFM images of these samples. 
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All the as-received samples were measured to have a similar surface roughness of 

0.53 ± 0.1 run. After the first 5 minute etching, there is only a slight reduction in 

surface roughness i.e. RMS changes from 0.53 to 0.50 run. When the etching 
/' 

duration increases to 10 minutes, the surface roughness decreases drastically by 

almost 2.5 times, i.e. from 0.53 to 0.19 run. However, further increasing of the etch 

duration to 20 and 30 minutes, does not improve the surface smoothness further. In 

fact, for longer etching duration, the surface roughness increases a little bit 

(up to 0.28 run) and remains almost unchanged. 
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Figure 7.3 Surface RMS roughness as a function of etching duration. 
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111m 

0.5 11m 

(a) (b) 

7nm 

(c) (d) 

0.5 11 m 

(e) 
Figure 7.4 AFM images of HPHT diamonds (a) as-received and etched by 

Ar/Ch plasma for (b) 5 min, (c) 10 min, (d) 20 min and (e) 30 min at ICP platen 

and coil powers of 300 and 400 W respectively. 

The big reduction of the surface roughness as shown in Figure 7.3 is possibly related 

to fo llowing reasons. Surface smoothing of diamond utilising Ar/Ch plasma may 
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result from the diamond isotropic etching. In dry etching, the chemical part of the 

etch is isotropic while the physical part is highly anisotropic [13]. The plasma 

etching by using Ar/Ch is essentially a chemical process. Hence, it etches diamond 

substrates of all orientations at approximately the same etch rate, which can be 

described as "isotropic" etch. For this reason, isotropic etch has been adopted in the 

fabrication of micro-electronic devices as it is capable in producing smooth etched 

surface [14]. 

The other possible reason for surface smoothing may be due to the etching of 

diamond that produces a fraction of carbon-containing molecules. These 

carbon-containing molecules could redeposit as diamond to form smooth surface 

[15]. Although this explanation was used for diamond surface smoothing utilising 

hydrogen plasma, the present results do not exclude the possibility that etching of 

diamond and re-deposition may be one of the possible reasons of diamond surface 

smoothing. In addition, surface diffusion of carbonaceous species and hence 

redistribution of the carbon atoms during the plasma etching may be another possible 

reason for surface smoothing [15]. However, it remains unclear why the surface 

roughness increases a little bit at longer etching. 

7.3 Vertical Shallow Micro-trench Etching 

In addition to smooth surface, highly controllable diamond etching with a low etch 

rate is also crucial in fabricating diamond micro-electronic devices. For example, 

reliable ohmic contact formation in a diamond MISFET device relies very much 

upon the precise etching of the intrinsic diamond layer as described in Section 7.1. 

The study of the etch rate using ICP Ar/Ch plasma has been presented in Section 5.3. 

It is clearly seen there that under the same ICP platen and coil powers, the etch rate 

of Ar/Ch plasma is only half of that obtained by Ar/02 plasma etching. In order to 

investigate the capability and controllability of diamond etching by Ar/Cl2 plasma, 

diamond vertical shallow micro-trenches have been fabricated and characterised. The 

optimised etch parameters and conditions obtained from these studies are used for 

developing diamond electronic devices. 
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First of all, diamond micro-trenches with depths of 16 nm and 53 nm were fabricated 

on the CVD diamond. The sample was cleaned and standard photolithography 

process (as described in Chapter 3) was performed. By employing a photoresist mask, 

diamond micro-trenches were fabricated using rcp Ar/Ch plasma etching. The rcp 
platen and coil powers were set to 300 Wand 400 W respectively. The chamber 

pressure used was 5 mTorr. The durations of 15 and 44 seconds, respectively, were 

used. The 3-D AFM images of these micro-trenches are shown in Figure 7.5 (a) and 

7.5 (b). It is observed that these micro-trenches have a well defined width of 2 !lm. 

The measured RMS roughnesses at the etched surface are 0.9 nm and 0.7 run for the 

micro-trenches with depths of 16 nm and 53 nm respectively, which are slightly less 

than the surface RMS roughness (1.0 nm) measured on the non-etched surface. These 

results show again the smooth effect of AriCh plasma etching, although the 

improvement is not so remarkable due to a very short etching duration. 

(a) 

53 nm 

(b) 

Figure 7.5 AFM images of CVD diamond micro-trenches with a width of 

2 ~m and depth of (a) 16 nm and (b) 53 nm. 
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Using the same rcp etch conditions, diamond micro-trenches with etch durations of 

20 and 40 seconds have also been fabricated. AFM measurements confi rmed that the 

depths of these trenches are 23 nm and 48 run respectively. From these results, a 

linear relationship between the etch depth and etch duration is observed as shown in 

Figure 7.6. The etch rate is calculated to be 1.3 mn/s for various depths. The etch rate 

can be calculated based on the gradient of the line of etch depth versus etch duration. 

It can be seen that the etch depths are fitted very well with the linear line. This 

demonstrates a good etch controllability of using Ar/Ch plasma to fabricate of 

diamond microstructures . From this figure, it is noticed that the diamond etching 

starts at 2.5 seconds due to the delay of plasma stabilisation. By knowing this fact, 

one could calculate the etch duration precisely fo r a designed etch depth . 

• 

-
Etch rate = 1.3 nm/s 

10 20 0 40 50 
Etch Duration (s) 

Figure 7.6 Etch depth as a function of etching duration using Ar/CIz 

(25/40 seem) plasma on HPHT diamond. The ICP platen and coil powers were 

set to 300 and 400 W, respectively. The pressure used was 5 mTorr. 

In order to develop novel diamond electronic devices such as MISFET, the etching 

capability in fabricating very shallow « 10 nm) micro-structures such as 

micro-trenches in diamond is required. To prove the etch controllability and 
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repeatability of Ar/Ch plasma etching, diamond micro-trenches with a depth of 8 run 

(Figure 7.7(a» were fabricated on HPHT diamond by using the above etch recipe. 

The sample was etched for 9 seconds with an etch rate of 1.3 run/so The experiment 

was repeated for three successive times at different etch runs. It is observed that the 

etch depth of the second repeated experiment (Figure 7.7(b» is also measured to be 

8 IUTI for the 9 second etching. These results prove that the Ar/Ch plasma etch is very 

stable and this technique can be employed in diamond shallow etching with good 

repeatability, particularly for the etch depth of less than 10 nm. 

8 11111 

8/-1m 

6/-1m 

(a) 

(b) 

Figure 7.7 Micro-trench of 8 nm depth and 2 Jim width on HPHT diamond 

sample using Ar/Ch ICP plasma (a) first trial and (b) second trial. 
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To further reduce the etch rate, a etching recipe with a platen power of 300 W, a coil 

power of 100W, a chamber pressure of 5 mTorr, gas flow rates of25 sccm for Ar and 

40 sccm for Ch has been developed. The etching experiment with such a low etch 

rate was performed on three different groups of diamond/ samples i.e. intrinsic 

diamond, boron-doped diamond (doping concentration of 5 x 1019 cm-3) and HPHT 

diamond samples. Micro-trenches with different depths from each group of the 

diamond samples were fabricated. The etch durations were set to 

20, 40 and 50 seconds. The etch depths were measured by using AFM technique and 

are summarised in Table 7.1. Figure 7.8 shows the 3D AFM images of the 

micro-trenches fabricated on the intrinsic diamond samples with depths of 

8, 22.5 and 30 nm. 

Table 7.1 Etching depths of intrinsic, boron-doped and HPHT diamonds at 

etching durations of 20, 40 a~d 50 seconds. 

Type of Diamond Etching Duration (seconds) 

20 40 50 
Etch Depth (nm) 

Intrinsic 8 22.5 30 
Boron-doped 8 22.5 30 

HPHT 8.5 21.5 30 
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Figure 7.8 AFM images of intrinsic diamond samples etched with Ar/Ch 

plasma for (a) 20 (b) 40 and (c) 50 seconds. The ICP platen and coil powers were 

set to 300 and 100 W, respectively. The pressure used was 5 mTorr. 
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Figure 7.9 plots the etch depth as a funct ion of etch duration for each group of the 

diamond samples. It is clearly shown that using AriCh plasma etching, the etch 

depths of the different diamonds at the same etch duration are almost the same, 

indicating an almost identical etch rate for different diamonds. From these results, 

the etch rate is calculated to be 0.7 nm/s. In addition, by interpolating the fitted line 

with the duration ax is in Figure 7.9, it is noted that the diamond etching statts at 

about 9 seconds due to the delay of plasma stabilisation. These results show that at 

ICP platen and coil powers of 300 Wand 100 W, it takes a longer time to establish 

stable AriCh plasma and to initiate the diamond etching compared with the case by 

using a high coil power (400W). 
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Figure 7.9 Etch depth as a function of etching duration using Ar/Ch plasma 

on intrinsic, boron-doped and HPHT diamond samples. The ICP platen and coil 

powers were set to 300 and 100 W, respectively. The pressure used was 5 

mTorr. 

The etch depths of the HPHT diamond samples by using the lower ICP coil power of 

100 Ware compared with the etch depths on the same diamond samples but etched 

with a higher coil power of 400 W. This comparison is shown in the Figure 7.10. It is 

noticed that the etch rate with the lower ICP coil power is almost half of the rate 
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obtained by using the higher ICP coil power. This shows that the diamond etch rate 

can be manipulated by adjusting the ICP coil power. 
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Figure 7.10 Etch depth as a function of etching duration for HPHT samples 

treated with Ar/Ch plasma at constant ICP platen power of 300 Wand ICP coil 

powers of 100 Wand 400 W. The pressure used was 5 mTorr. 

7.4 Ohmic Contact Formation 

High-quality metal-diamond contacts on boron-doped diamond are required [16-17] 

for fabricating diamond MISFET and MOSFET devices. To date, the metal contacts 

on diamond such as Ti , Au, Ti/Au have been studied and reported by several 

research groups [16-19]. Ti/Au metal contact has been widely chosen for the ohmic 

contact formation on diamond as a compound TiC is easily formed at the Ti/diamond 

interface which facilitates a good ohmic contact [17]. Similar results were also 

reported on Mo/diamond contact [20]. A very low specific contact resistance of 

2.3 x 10-7 n.cm2 has been reported for AIISi contacts on diamond after annealing at 

450 0C [21]. In this experiment, Al was deposited on top of the Si layer. The low 

contact resistance was attributed to the formation of a SiC layer at the metal-diamond 

interface which lowers the metal-diamond barrier height to enhance hole tunnelling. 
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The surface of the boron-doped diamond was reported to be hydrogen-terminated 

[22]. This hydrogen-terminated surface is highly conductive and thus it is easy to 

form a good ohmic contact. However, the hydrogen-terminated surface can be easily 

deteriorated by the oxidation process to form an oxygen-terminated surface, which is 

detrimental to the ohmic contact formation [19]. Therefore, the formation of ohmic 

contact on diamond depends greatly on the diamond surface and metal-diamond 

interface. For this reason, pre-treatment which alters the diamond surface chemistry 

or structure could have profound effects on the electrical characteristics of the 

contacts. 

Ohmic contact on diamond can be realised by altering the interface conditions such 

as reducing the depletion width to enhance tunnelling current through the metal­

diamond interface or decreasing the Schottky barrier height to enable the free carrier 

transport in the metal-diamond interface [19]. It has been reported that the ohmic 

electrical contacts on diamo~d can be achieved by creating a surface graphitised 

layer with pulsed laser irradiation but the value of the specific contact resistance on 

such a graphitised surface was not given. All these experiments show that surface 

treatment is an indispensable process to achieve ohmic contact on diamonds. 

In this section, the effects of the surface treatments by using Iep plasma etching, 

aqua regia etching, and laser ablation on formation of ohmic contact on highly 

boron-doped diamonds will be investigated. Prior to the study of the effect of 

surface treatments, the method of measuring the contact resistance should be fully 

understood and the test contact patterns should be designed and fabricated. 

7.4.1 Specific Contact Resistance: Circular Transmission Line Method 

(CTLM) 
Test contact patterns of either circular or rectangular geometry are commonly used to 

determine the specific contact resistance of ohmic contact systems in semiconductor 

devices [23]. However, a mesa structure which confines the current flow between 

two contacts needs to be fabricated when the rectangular test pattern is employed 

[23]. Such complication can be avoided by using the circular test pattern approach 
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(Circular Transmission Line Method (CTLM)) and this method is thus chosen in this 

work. 

Tj! Au cOr:ttacts , .' 

Figure 7.11 An optical image of CTLM Ti/Au contacts fabricated on the 

boron-doped diamond sample. r is the radius of the outer circular contacts and 

d is the separation within the contacts. 

A CTLM mask with six circular test contacts has been designed. By using this mask , 

CTLM TiiAu contacts have been fabricated on the surface of one boron-doped 

diamond sample as shown in Figure 7.11. In this pattern, the separations, d, between 

the circular contacts are 5, 10, 15, 25, 35 and 45 ~m , respectively, and r is the radius 

of the outer circular contact and it is fixed at 90 ~m for each outer circular contact. 

The total resistance, Rr, which is obtained from the gradient of voltage over current 

or VII for such a circular contact is expressed by [23]: 

R'l' =~[d+2L'l' ] 
2m' 
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where Rs is the sheet resistance of the semiconductor layer and Lr is the transfer 

length. 

By plotting Rr versus d, the gradient gives the value of ~ and the interception 
2 ;rr 

R 
with the vertical R,axis gives the value of _s [LT]' Hence, the specific contact 

:rr 

resistance of metal and semiconductor, pc, can be calculated by [23]: 

(7.4) 

A complete derivation of the specific contact resistance and the CTLM method has 

been discussed in Chapter 2. 

7.4.2 Surface Treatment: ICP Plasma Etching and Aqua Regia Etching 

7.4.2.1 Samples and Experimental Details 

In order to study the effect of the surface treatment, four (S 1 - S4) highly 

boron-doped (doping concentration -1 x 10
20 

cm-
3
) CVD diamond samples with a 

size of 8 mm x 8 mm and a thickness of 300 !-lm were prepared. Prior to the 

fabrication of metal contacts, the samples were cleaned by aceton and followed by 

methanol in ultrasonic bath for 20 minutes for each solution. The samples were then 

cleaned with piranha solution (H2S04: H20 2 = 4: 1) so as to remove any organic 

contaminant. CTLM Til Au patterns were fabricated by using the standard 

photolithography technique. Prior to metal deposition, the diamond samples were 

subjected to the different surface treatment as listed in Table 7.2. 

Table 7.2 Surface treatment conditions of 81 to S4. 

Sample Platen Coil Chamber Type of Etching Aqua 

ID Power Power Pressure Gas; Flow Duration Regia 

(W) (W) (mTorr) rate (sccm) (min) (1 min) 

S1 300 900 5 Ar; 50 1 No 

82 50 400 5 H2; 50 1 No 

S3 No No No No No No 

S4 No No No No No Yes 
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Sample S 1 was ICP etched with argon plasma. The ICP parameters used were: a 

platen power of300 W, a coil power of900 W, a chamber pressure of5 mTorr, a gas 

flow rate of 50 sccm with an etching duration of 1 minute. High platen power was 

chosen in this case to create a damaged surface which/includes graphite and 

amorphous carbon [16]. Sample S2 was surface treated with ICP hydrogen plasma. 

The ICP parameters used were a platen power of 50 W, a coil power of 400 W, a 

chamber pressure of 5 mToIT, a gas flow rate of 50 sccm with an etching duration of 

1 minute. No surface treatment was performed on Sample S3 which serves as a 

control sample. Boiling aqua regia (HN03: HCI with volume ratio of 3:1) was 

applied to Sample S4 for 1 minute. A metal layer of Ti (50nm) was then sputtered 

followed by Au (100 nm) onto the diamond samples. Standard lift-off process was 

used to fabricate CTLM contact patterns. After pattern fabrication, all the samples 

were subjected to a rapid thermal annealing (RTA) process in nitrogen ambient at 

450°C for 1 minute. 

7.4.2.2 Experimental Results and Discussion 

Figure 7.12(a) shows the I-V characteristics of the circular contacts with different 

separations d on the control sample S3. Linear I- V characteristic is observed, 

indicating the ohmic contact behaviour of the Ti/Au-diamond interface. For this 

sample, a low electrical conductive thin hydrocarbon layer may be present on the 

diamond surface given that this layer can be normally found on the as-grown 

diamond [24]. From the I-V curves, the total resistance, Rr, between the circular 

contacts can be deduced as explained in Section 7.4.1. Figure 7.12(b) plots Rr as a 

function of d. It is evident that the relationship between the total resistance and the 

separation of the circular contacts is linear. The interception of the fitted straight line 

with the vertical R'/axis and the slope of the line are 63.24 nand 40849.28 ncm-1, 

respectively. Hence, the sheet resistance (Rs) and the transfer length (Lr) can be 

calculated by using equation (7.3) and calculated values are 2309.97 nand 

7.741 x 10-4 cm, respectively. Using equation (7.4), the specific contact resistance, Pc 

is estimated to be 1.38 x 10-
3 

n.cm
2
• 
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Figure 7.12 (a) Typical I-V characteristics between circular (Ti/Au) 

boron-doped diamond contacts, and (b) total resistance versus separation 

between circular diamond contacts of control sample 83. 
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Figure 7.13 I-V characteristics with separation of 5 Jim of highly boron-doped 

diamond samples (81-84) with various surface treatments. The inset is the I-V 

characteristic of 81. 

The J- V characteristics for samples S 1 to S4 with 5 /lm separations are shown in 

Figure 7.13. It is observed clearly that sample S4, which has been surface treated 

with aqua regia, has the lower total resistance as compared to the sample S3. Its 

specific contact resistance Pc is calculated to be 7.95 x 10-
4 

n.cm2
, nearly a half of 

the contact resistance of the control sample S3. This result indicates that the aqua 

regia etching is an effective surface treatment technique to reduce the contact 

resistance. It is considered that the surface hydrocarbon layer on the diamond may 

have been removed during aqua regia etching. Thus, the metal contacts are deposited 

directly on the high conductive boron-doped diamond layer underneath, reSUlting in a 

low contact resistance. It has been reported that the hydrocarbon layer may be 

removed by the acid cleaning in Ref. 24. Sample Sl , which was surface treated with 

rep Ar plasma at high platen and coil powers, shows non-ohmic behaviour which is 

shown more clearly in the inset of Figure 7.l3. The non-ohmic behaviour could be 

due to the surface damage and defects resulting from the high energy Ar ion 

bombardment. The defects at the diamond surface may widen the depletion width 
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and/or reduce the probability of electron tunnelling through the metal-diamond 

junction [16-17]. Another explanation is that the heavy Ar ion bombardments may 

have partially destroyed the highly conductive boron-doped surface layer, causing 

the formation of high resistance non-ohmic contacts. It is interesting to note that 

sample S2 (surface treated with ICP hydrogen plasma) has the highest current 

intensity at an applied voltage compared with the rest of the samples. However, a 

Schottky rather than an ohmic contact characteristic is observed for this sample. It is 

believed that the ICP hydrogen plasma etching may have altered and partially 

removed the highly conductive surface layer although the surface termination of 

sample S2 has been converted to hydrogen termination. Hence, a Schottky barrier is 

created that leads to the formation of Schottky contact even though high current 

intensity, which is probably due to the hydrogen termination, has been observed. 

7.4.3 Surface Treatment: Laser Ablation Technique 

7.4.3.1 Samples and Experimental Details 

Two highly boron-doped (doping concentration - 5 x 10
19 

cm-
3

) CVD diamond 

samples (Ll and L2) with a size of 8 x 8 mm and a thickness of 300 Ilm were ablated 

by a 248 nm UV KrF laser. The total ablation area is 1200 pm x 900 pm. The spot 

size per laser shot is 60 x 60 Ilm. In this work, the energy density of laser ablation is 

6.1 J/cm2 which was achieved by two laser shots. Under this dosage, the ablated area 

at diamond surface converts into graphite [25-26] which has a high electrical 

conductivity. Both samples Ll and L2 were then cleaned with piranha solution 

(H2S04: H20 2 = 4:1) before further processes. 

Table 7.3 Surface treatment conditions of Ll and L2. 

Sample Platen Coil Chamber Type of Etching Aqua 

ID Power Power Pressure Gas; Flow Duration Regia 

(W) (W) (mTorr) rate (sccm) (min) (1 min) 

Ll 300 900 15 Ar/02; 1 Yes 

15/40 

L2 300 900 15 Ar/02; 1 No 

15/40 
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Sample Ll was cleaned further with boiling aqua regia prior to metal deposition. The 

CTLM patterns were then fabricated onto the laser ablated and non-ablated areas by 

standard photolithography method. After photoresist patterning, metal layers of 

Ti(50nm)/Au(l00nm) were deposited and lifted-off to fomi contact patterns. The 

sample was then subjected to rapid thermal annealing at 450°C for 1 minute. In 

order to remove the highly conductive graphitised layer between the metal contacts , 

ICP dry etching of Ar/02 plasma was carried out. The ICP parameters used were a 

platen power of300 W, a coil power of900W, a chamber pressure of 15 mTorr, flow 

rates of 15 sccm for Ar and 40 sccm for O2, and an etching duration of one minute 

was required in order to remove the laser ablated layer. The actual thickness of the 

laser ablated layer was determined to be about 0.2 !lm, which will be described in the 

next paragraph. For Sample L2, no aqua regia treatment was performed before metal 

deposition and the following fabrication processes are identical with Sample L 1. 

In order to determine the a~tual thickness of the laser ablated layer, ICP Ar/02 

plasma was used to etch a test diamond sample which had been ablated with the 248 

nm laser under the same laser ablation conditions and duration. The ICP etching 

conditions are the same as those used for samples Ll and L2. Figure 7.14(a) shows 

the optical image of the graphitised layer of this test sample after the acetone 

cleaning prior to plasma etching. The half sample was then masked by photoresist 

and another half was etched by ICP plasma. Figure 7.14(b) shows that the laser 

ablated layer has been removed by Ar/02 plasma after 1 minute etching. The etch 

depth was measured to be appro·ximately 0.2 !lm using an alpha-stepper, giving an 

etch rate of 0.2 !lm/min. Further ICP etching would induce more defects onto the 

diamond as illustrated in Figure 7 .14( c) and 7 .14( d). 
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Figure 7.14 Optical images of laser ablated diamond layer (a) prior to Iep 

etching; and after Ar/02 plasma etching for (b) 1 min, (c) 2 min and (d) 4 min. 

To further confirm the thickness of the graphitised layer, an electrical test was 

performed. A CTLM pattern was first fabricated directly on top of the laser ablated 

layer of the above test sample. Then ICP etching with the same etch conditions and 

duration used for samples Ll and L2 was carried out so as to remove the graphitised 

layer between the inner and outer circular contacts. Figure 7.15 shows the J- V 

characteristics of the sample before and after ICP etching using Ar/0 2 plasma. 

Clearly, after the ICP etching, the sample is no longer conductive, confirming that 

the highly conductive graphitised layer between the contacts has been fully removed. 

Therefore, it can be concluded that the depth of the laser ablated layer is about 

0.2 ~m , which is closed to the targeted value. Hence, one-minute Ar/0 2 plasma 

etching used for sample L 1 and sample L2 is sufficient to etch away the graphitised 

layer between the contacts. 
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Figure 7.15 /- V characteristics before and after 1 min Iep Ar/02 plasma 

etching. 

7.4.3.2 Experimental Results and Discussion 

Figure 7.16 shows the J- V curves of sample L 1 and L2. These curves show that all 

the contacts are ohmic. For either sample Ll or L2, the resistance between the 

contacts made on the laser ablated areas is lower than those between the contacts on 

non-ablated area. 
100~--------------'------------'~~ 
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Figure 7.16 /- V characteristics with separation of 5 Ilm of Sample L1 and L2 

on laser-ablated and non-ablated areas. 
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Using Equation (7.4), the specific contact resistances Pc, at the laser ablated area and 

non-ablated area of sample L1 are calculated to be ~ 9.99 x 10-5 n.cm2 and 

3.78 x 10-
4 

n.cm
2 

respectively. Thus, the specific contact resistance has been 
---"'-" 

improved by ~ 30 % by surface graphitisation. Similar behaviour is observed in 

sample L2. The specific contact resistances of L2 are 9.91 x 10-4 n.cm2 and 

1.68 x 10-
3 

n.cm
2 

on the laser-ablated and non-ablated areas respectively. The 

reduction of the specific contact resistance is attributed to the highly conductive 

graphitisation layer. Also, it is observed that L1 has a lower specific contact 

resistance compared with sample L2 in both laser-ablated and non laser-ablated areas. 

The reason for this reduction in specific contact resistance may be due to the fact that 

sample L 1 has been surface-treated by aqua regia. In this case, aqua regia may has 

successfully removed a thin non-graphite carbon layer or contaminants deposited 

during the laser shot. A reduction in ohmic contact resistance due to utilisation of 

aqua regia has also been shown in Section 7.4.2. Hence, these results show that aqua 

regia treatment is an effective method to reduce the contact resistance. Table 7.4 

summarises the specific contact resistances of all the diamond samples described in 

Sections 7.4.2 and 7.4.3. 

Table 7.4 Surface treatments and specific contact resistance for samples 

Sl-S4 and Ll-L2. 

Sample Surface Treatment Laser Ablation Specific Contact 

ID Resistance, Pc (Q.cm2) 

Sl ICP Ar Plasma No NonOhmic 

S2 ICP H2 Plasma Non Ohmic 

S3 No Treatment 1.38 x 10-3 

S4 Aqua Regia 7.95 x 10-4 

Ll Aqua Regia Yes 9.99 x 10-5 

No 3.78 X 10-4 

L2 No Treatment Yes 9.91 x 10-4 

No 1.68 X 10-3 
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As a summary, the specific contact resistance, pc, of the highly boron-doped diamond 

samples have been substantially reduced by surface treatment and laser ablation 

techniques. Aqua regia surface treatment has been identified to be an effective 

method in achieving good ohmic contact on highly boron~doped diamond. On the 

other hand, laser ablation, which creates a highly conductive graphitised layer, also 

enables the reduction of the specific contact resistance on diamond. A lowest specific 

contact resistance of 9.99 x 10-
5 

O.cm
2 

has been achieved by combining both surface 

aqua regia treatment and laser ablation. Unfortunately, laser ablation technique is not 

adopted in the future experiment for field effect transistor fabrication (in Chapter 8) 

due to the limited access of the laser equipment. In addition, the lateral resolution of 

the ablating laser is currently not small enough to fabricate a practical transistor. 

7.4.4 Effect of Ar/Ch Plasma 

In order to fabricate diamond MISFET devices, contact windows in intrinsic 

diamond layer which serves as a gate dielectric should be created so that high quality 

ohmic contacts can be fabricated on highly boron-doped layer. To achieve this target, 

Ar/Ch plasma etching is employed to make such contact windows due to its high 

controllability, and repeatability and smoothing effect as discussed in Section 7.2 

and Section 7.3. To investigate the influences of Ar/Ch plasma etching on the 

electrical contact characteristic, Ar/Ch plasma etching was carried out and CTLM 

patterns were fabricated on a HPHT diamond sample C 1 with a highly boron-doped 

surface layer (doping concentration ~ 1 x 20
21 

cm-
3
). During the etch process, half of 

the sample was Ar/Ch plasma etched whereas the other half was not etched, which 

was accomplished by masking half of the sample with photoresist during the ICP 

plasma etching. The ICP etching conditions were: ICP platen power of 300 W, 

coil power of 400 W, Ar/Ch flow rates of 25/45 sccm and a chamber pressure of 

5 mTorr. The etching duration was set to 15 seconds in order to remove a 4 run-thick 

boron-doped surface layer. The CTLM patterns were fabricated on both etched and 

non-etched areas of the sample. The contact metals used were Ti (50 run) and 

Au (l00 nm). The fabrication process sequence is summarised in Figure 7.17. An 

optical image of the CTLM patterns formed on sample C 1 is presented in Figure 

7.18. The specific contact resistance was calculated using Equation (7.4). 
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Sample Cl 

Photolithography 
(Other half was masked) 

AriCh plasma etch (15 s) 

Metal Sputtering 
Ti (50nm)/Au (50nm) 

Ohmic behaviour 
Pc = 8.98 x 10-5 n.cm2 

Sample Cl 

Photolithography 
(Other half was masked) 

No Etching 

Metal Sputtering 
Ti (50nm)/Au (50run) 

Better Ohmic behaviour 
Pc = 7.87 x 10-5 n.cm2 

Figure 7.17 Fabrication process sequence of sample CI to confirm the effect 

of Ar/Ch plasma etch on the specific contact resistance. 

o 
00 

Figure 7.18 Optical images of the CTLM patterns fabricated on the sample 

CI where the left CTLM pattern was fabricated by the non-etched processes 

and the right CTLM pattern was fabricated by Ar/Ch plasma etching processes. 
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The I-V curves in Figure 7.19 show that the Ar/Ch plasma etching has only very 

minor influences on the I-V characteristic. The specific contact resistances for the 

contacts on Ar/Cb etched and non-etched areas of this sample were measured and 

were estimated to be 8.98 x 10-5 
n.cm

2 
and 7.87 x 10-5 n.cm2, respectively. This 

specific contact resistance result confirms again that influence of Ar/Ch plasma 

etching is quite small. Nevetiheless, a slight increase of the specific contact 

resistance on etched area is noticed, which may be due to the surface modification on 

the etched area. 
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Figure 7.19 J- V characteristics of sample Cl with separation of 5 11m. Both 

CTLM patterns were formed on the same sample. 

To gain a better understanding of the Ar/Ch etched surface, X-ray Photoelectron 

Spectroscopy (XPS) measurements were performed on two HPHT diamond samples. 

One of the diamond samples was etched using Ar/Cb plasma. The rcp platen and 

coil powers were 300 Wand 100 W, respectively. The chamber pressure was 

5 mTorr. The other non-etched sample serves as a control sample. The XPS was 

performed under contract for Element Six Ltd. using Mg Ka x-ray Source with a 

energy of 100 eV. The XPS scan was done with two take-off-angles (TOA) at 300 
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and 90° where TOA of 30° results in the half sampling depth as compared to that of 

90°. Angle resolved XPS analysis was performed at a particular angle (i.e. 30°) in 

order to limit the depth of photoelectron detection and hence to increase the surface 

sensitivity. 

Figure 7.20(a) shows the XPS spectrum of the non-etched sample. This spectrum 

indicates the presence of the elements, C, 0 and low level of N on the non-etched 

diamond surface. The increase of the 0 and N level at the TOA of 30° implies the 

presence of surface impurity. The XPS results from the Ar/Ch plasma etched surface 

are shown in Figure 7.20(b). Various elements were detected including C, 0, Cl, Si 

and a low level of Cu and AI. It can be seen that there is an increase in both 0 and Si 

levels comparing with C at the TOA scan of 30°. This indicates the presence of a 

surface over-layer (with both 0 and Si elements) on top of the etched diamond 

surface, which is not incorporated into the diamond layer. In both Figures 7.20(a) 

and (b), the TOA 30° spectru~ are offset for clarity. In addition, the increase of the 

metal signals of Cu and Al relative to the C signal suggests that the over-layer also 

consists of Cu and Al elements. In fact, the presence of the Cu and Al is most likely 

to be caused be a alloy stub that was used for sample mounting. The element Cl is 

believed to be incorporated onto the surface of the diamond during the ICP Ar/Ch 

etching. 

From the XPS measurements, the element percentage on the diamond surfaces can be 

estimated. These data are summarised in Table 7.5. The percentages of the 0 level 

obtained at TOA 90° for both non-etched and Ar/Ch plasma etched surface are about 

half compared to the TOA scan of 30°. This confirms that oxygen is present as a 

surface over-layer, which is not bonded to the diamond. The same phenomenon can 

also be observed in Si level. Both 0 and Si elements may be originated from the 

silicone grease that was used to attach the samples during the XPS analysis. The Si 

element may also be originated from the silicon tray that was used during the ICP 

Ar/Ch plasma etching. This leads to the possibility that a mixture of silicone or 

silicate, Cu and Al type of layer is distributed over the chlorinated diamond surface. 
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Figure 7.20 Surface characterisation using XPS on (a) control sample without 

any surface etch and (b) a sample subjected to Ar/Ch plasma etch. 
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Table 7.5 Elemental composition of the un-etched and Ar/Ch plasma etched 

surface using XPS. 

Element Un-etched Un-etched Ar/Ch plasma Ar/Ch plasma 
./ 

surface surface etch surface etch surface 

TOA (90°) TOA (30°) TOA (90°) TOA (30°) 

C 93.6 85.3 80.6 66.1 

0 6.4 14.7 11.7 23.0 

CI - - 5.0 6.2 

Si - - 2.7 4.7 

The surface characterisation using XPS has confirmed the presence of chlorine in the 

Ar/Clz plasma etched surface. Nevertheless, the specific contact resistance 

measurement shows that the presence of the CI element does not degrade the contact 

properties on the highly-doped diamond layer. Hence, Ar/Clz plasma etching is 

employed to etch the thin intrinsic diamond layer. This etch stops at the very thin 

highly boron-doped layer in order to facilitate the fabrication of the source and drain 

contacts. The fabrication process of the complete diamond MISFET and MOSFET 

will be described in the next Chapter. 

7.5 Summary 

This chapter has shown that the Ar/Clz plasma etching has the capability to smooth 

the surface of the HPHT diamonds after 10 minutes of etching, with the reduction of 

surface RMS roughness from 0.53 to 0.19 nm. The smooth effect may be due to 

isotropic etching. The etch selectivity and etch rate using Ar/Clz plasma were found 

to be only half of those by using the Ar/02 plasma etching, which enables a good 

control on the height of the microstructures fabricated. Using optimised conditions, 

shallow micro-trenches with depths of 16 and 53 nm were fabricated on the CVD 

diamond. By varying the ICP coil power, the etch rate of diamond can be further 

reduced to 0.7 nm/s. With such a low etch rate, very shallow diamond micro-trenches 

with a depth of 8 nm have been fabricated. Excellent etch reproducibility and 

controllability by using ArlClz plasma were demonstrated. These results also confirm 
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that the etch rates for different types of diamond including intrinsic, boron-doped and 

HPHT diamonds are almost identical. 

/ 

Diamond micro-electronic devices such as MISFETs and MOSFETs require good 

ohmic contact formation. The specific contact resistances, Pc of the highly 

boron-doped diamond samples (Le. 5 x10
19 

cm-3
) have been effectively reduced by 

means of surface treatment using aqua regia and laser ablation technique which 

creates a highly conductive graphitised layer. A lowest specific contact resistance of 

9.99 x 1O-5 0.cm2 has been achieved by applying both surface treatment and laser 

ablation technique followed by RTA at 450°C for 1 minute. 
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Chapter 8 

Diamond Micro-electronic Devices: 

Metal Insulator Semiconductor Field Effect Transistor and 

Metal Oxide Semiconductor Field Effect Transistor 

8.1 Introduction 

Due to its unique electrical properties such as high breakdown strength and high hole 

mobility [1], diamond is an ideal semiconductor material for developing high 

functional electronic devices for example, diamond field effect transistors. In this 

chapter, the fabrications and characterisations of two types of diamond-based 

transistors, metal insulator semiconductor field effect transistor (MISFET) and metal 

oxide semiconductor field effect transistor (MOSFET), are reported. The insulator 

used in MISFET was intrinsic diamond whereas Si02 was employed as insulator in 

MOSFET. The basic theory ofFET devices is discussed in Chapter 2. 

8.2 MISFET Devices 

With the capability of ICP AriCh plasma of highly controllable etch rate 

(in nanometre scale) and surface smoothing effect (removing sub-surface damage), 

as shown in Section 7.2 and 7.3, a MISFET device can be fabricated. 

8.2.1 Fabrication Process 

A photo-mask is required for fabricating diamond MISFET devices. Figure 8.1(a) 

shows the mask design of a three-terminal (drain, source and gate) MISFET device. 

The schematic diagram of a MISFET device is shown in Figure 8.1 (b). In this device, 

the channel length is designed to be 17 Jlm, which should be considered as a long­

channel-effect device [2]. The channel length is the length in between the drain and 

source terminals, as shown in Chapter 2. Device with the channel length greater 

than 2 Jlm is considered as long channel-effect device [2]. The gate length is 

designed to be 5 Jlm. For this device, the gate is designed on top of the intrinsic 

diamond layer and the drain and source terminals are in contact directly with the 

highly-boron doped diamond layer. 
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Drain/ 

Gate Drain/source 

Au Au 

Drain/ 
Gate source 

Au Au 

Intrinsic diamond substrate 

(b) 

Figure 8.1 (a) A mask design of a MISFET or MOSFET device. The gate 

length and the channel length are 5 and 17 J.lm, respectively. (b) The 

corresponding schematic diagram of the MISFET device. 

Three samples with a highly-boron doped delta layer, namely MI , M2 and M3, were 

used for the MISFET fabrication. In these samples, the highly-doped layer has been 

sandwiched in between the CVD diamond capping layer and CVD buffer layer as 

shown in Figure 8.2. 
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Intrinsic CYD diamond can I 

Intrinsic CYD diamond buffer layer 
(150 nm) 

HPHT diamond substrate (500 f!m) 

Schematic diagram of the delta-layer structure sandwiched in 

between intrinsic CVD diamond cap layer and buffer layer. The substrate used 

is a HPHT substrate. 

Two photolithographic steps are required for fabricating the MISFET device. The 

first one is used for drain and source terminal formation. The second step involves 

the fabrication of the gate terminal. Consequently, the fabrication of the MISFET 

requires two different masks, i.e. mask for drain and source terminals and mask for 

gate terminal. The fabrication steps are shown clearly in Figure 8.3. The first step 

involves patterning of the drain and source terminals followed by Ar/Ch plasma 

etching of the intrinsic diamond layer. In order to obtain precise profile of the boron 

doped layer, secondary ion mass spectrometry (SIMS) measurement was performed 

on these samples under contract for Element Six Ltd. The measured profiles of the 

boron concentration in these three samples are shown in Figure 8.4. 
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Step 1: Drain-source terminal 
fabrication 

Diamond substrate 

• 
First mask & 
ICP Ar/CI2 etch 

Diamond substrate 

• 
Ti/Au metal 
sputtering & 
annealing 

Diamond substrate 

Step 2: Gate terminal fabrication 

Diamond substrate 

Second mask & 
Ni/Au metal 

Diamond substrate 

Figure 8.3 Fabrication steps of a MISFET device, involving a two-step 

photolithography process, drain-source terminal and gate terminal. 
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Figure 8.4 Boron concentration profiles for samples, Ml, M2 and M3 

measured using SIMS. 
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SIMS measurements show that the peak depths of the boron-doped layers in samples 

MI, M2 and M3 are 9.2 nm, 19.6 nm and 32.9 nm respectively. The maximum 

(peak) boron concentration, peak positions, full-width at half maximum (FWHM) of 
~., 

the boron concentration in each sample are summarised in Table 8.1. With these 

results, the etch depth for fabricating drain and source terminals can be determined 

precisely and etch duration utilising Ar/Ch plasma for each sample was estimated 

based on the etch rate. The ICP platen and coil powers used for diamond capping 

layer etching were 300W and 100 W, respectively. The flow rates of25 sccm for Ar 

and 40 sccm for Ch were employed. The gas pressure in the ICP chamber was 

5 mTorr. Under these conditions, the etch rate is 0.7 nm/s as shown in Figure 7.10. 

The etch duration with the corresponding etch depth for each sample is listed in 

Table 8.2. The etch duration using Ar/Ch plasma can be calculated based on the 

following equation from Figure 7.10: 

d = 0.732t - 6.679 

where d is the etch depth in nanometre and t is the etch duration in seconds. 

Table 8.1 Properties of the structures of the highly-boron doped delta layers 

with the respective peak depths. 

Sample ID [B]peak (cm~) FWHM (nm) Peak Depth (nm) 

MI 1.6x lOll 3.8 9.2 

M2 5.5 x 16
20 3.7 19.6 

M3 5.4 x 1020 4.2 32.9 

Table 8.2 Calculated etch durations required to stop etch at the delta layer 

peak positions. 

Sample ID Etch Depth Coil Power; Platen Power Etch Duration(s) 

(nm) (W) 

Ml 9.2 100;300 22 

M2 19.6 100;300 36 

M3 32.9 100;300 54 
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Ti metal with a thickness of 50 nm was then sputtered on the surface of the highly 

boron doped layer followed by depositing 100nm thick Au metal layer. After the 

metal lift-off process, the samples were annealed at 450 °C for 1 minute in order to 

form TiC compound to achieve ohmic contact with low contact resistance [4-5]. The 

gate fabrication begins with a photolithographic process to form a gate terminal 

pattern. A Ni 'layer (lOnm) and a Au layer (lOnm) were then deposited on top of the 

intrinsic diamond layer. After the metal lift-off process, the fabrication of depletion 

mode p-type MISFET devices is completed. Figure 8.5(a) and Figure 8.5(b) show 

optical images of the fabricated MISFET devices. The three terminals of drain, 

source and gate are labeled in the figures. 

(a) 

(b) 

Figure 8.5 Optical images of (a) four fabricated MISFET devices and (b) 

magnified image of a single MISFET device. 
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8.2.2 Experimental Results and Discussion 

The MISFET device was measured using a Parameter Analyser HP5145A. A 

two-probe measurement was first performed across the source and drain terminals. 

Figure 8.6 shows the source-drain current for the samples Ml , M2 and M3 with the 

bias of ± 1.5 V. It is observed clearly that all I-V curves are linear, indicating ohmic 

contact behaviour. These results show that the Ar/Ch plasma etching is able to stop 

precisely just at the narrow delta layers, resulting in good ohmic contact formation. 
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Figure 8.6 Drain current as a function of biases at between ±1.5 V for the 

samples Ml, M2 and M3. 

In order to determine the gate leakage current, the same bias was applied between the 

gate and the drain terminals . The voltage bias was also applied between two gate 

terminals of the adjacent MISFET devices. The measured I- V characteristics for 

samples MI , M2 and M3 are presented in Figure 8.7. It is noticed that the gate-drain 

and gate-gate leakage currents for the three samples are quite large 

(up to a few tens of IlA). These results indicate that the intrinsic diamond capping 

layer is leaky. Due to this reason, the electric field control by the gate of these 

devices is not observed. Clearly, a high quality intrinsic diamond layer is required in 

order to prevent the severe gate leakage current. Hence, Element Six Ltd is carrying 
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on the quality improvement of the intrinsic capping layer. As an alternative 

approach, we have developed diamond metal oxide field effect transistor (MOSFET) 

devices. 
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Figure 8.7 I-V measurements of the drain current and gate leakage current 

for the samples Ml, M2 & M3. 

8.3 MOSFET Devices 

Instead of the diamond capping layer, dielectrics such as Si02 can be chosen as a 

gate material. This leads to the development of MOSFET devices. 

Prior to device fabrication, it is crucial to investigate the minimum Si02 thickness 

that can withstand the large gate bias. To optimise the Si02 thickness, three HPHT 

type Ib diamond substrates with highly boron-doped CVD cap layers were employed. 

The thickness of the highly doped capping layer is 50 nm with the doping 

concentration of ~ 1 x 1021 cm-
3

• A Si02 layer was then deposited on the highly 

boron-doped cap layer of the diamond samples by using plasma enhanced chemical 

vapour deposition (PECVD) method. The thickness of the Si02 layer for each sample 

is different and is controlled by the deposition duration. By setting the deposition 

duration at 1, 1.5 and 2 minutes, the Si02 layer thicknesses (Tsi02) obtained for the 
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three samples are 29 nm, 43 run and 55 nm respectively. The metal contacts were 

then fabr icated on the Si02 layer, as shown in Figure 8.8 . 

8.3.1 Effect of Si02 Thickness 

Figure 8.9 shows the I-V measurements of the three test samples with different Si02 

layer thicknesses. It is observed that the sample with the thinnest Si02 layer (29 nm) 

has a high leakage current (> 1 mA) even with the bias as low as 1 V. The sample 

with the thickest Si02 layer (55 run) is able to withstand large bias up to 20 V and at 

this bias, the leakage current is only a few tens of nA. 

29 nm. 43 run and 55 run t 

Diamond substrate 

Figure 8.8 A test structure utilising Si02 as dielectric to investigate the 

leakage current. 
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Figure 8.9 J-V measurements for Si02 thickness of 29, 43 and 55 nm on top 

of a highly boron-doped diamond of 1 x 10
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The electric field in the Si02 layers with different thicknesses can be calculated from 

Figure 8.9 by dividing the applied bias with respective Si02 thickness, assuming the 

voltage drop across the highly boron-doped layer can be neglected compared to the 

voltage drop across the Si02. The calculated results are shown in Figure 8.10. 
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Figure 8.10 (a) Applied electric field to gate vs. gate bias and (b) Gate leakage 

current vs. applied electric field for samples with Si02 thicknesses of 29, 43 and 

55 nrn. 
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The electric field at bias of 20 V for Si02 with thickness of 29, 43 and 55 run is 

calculated to be 6.90, 4.65 and 3.64 MVcm- l
, respectively. It can be seen that the 

applied electric field is associated with the Si02thickness. Figure 8.10(a) shows that 
-~ 

the applied electric field to the gate decreases with the increase of the Si02 thickness 

at the same gate bias. However, it is noted from Figure 8.1 O(b) that the leakage 

current decreases with the increase of the Si02 thickness at the same applied electric 

field. This is assumed to be due to an increase of the coalescence of the Si02 layer 

with thickness. For this reason, the thickness of 55 run is chosen to be the Si02 gate 

thickness for MOSFET device fabrication. 

8.3.2 Fabrication Process 

To fabricate MOSFET devices, two samples Nl and N2 with different boron-doping 

concentrations and boron-doped delta layer thicknesses were used. These parameters 

are shown in Table 8.3. 

Table 8.3 Properties of the boron doping concentrations and layer thickness 

of samples Nt and N2. 

Sample ID Doping Concentration Boron-doped Layer Thickness (nm) 

(cm-3) 

Nl 2 x 1021 50 

N2 5 x 1020 4 

Two samples Nl and N2 were cleaned using standard cleaning method followed by 

aqua reqia chemical treatment. The sample cleaning procedure is illustrated in 

Chapter 3. By using PECVD, a 55 run thick Si02 film was first deposited onto both 

samples to form a gate insulation layer. The fabrication steps of the MOSFET 

devices are similar to those for fabricating the MISFET devices and are illustrated in 

F· e 8 11 The drain-source terminals were fabricated first by using the standard Igur . . 

photolithographic method. The Si02 layer was wet etched via buffer oxide etch 

(BOE) solution (NH3(OH):HF = 1 :7) for 1 minute in view of the fact that BOE does 

not etch diamond at all. After the Si02 etch, Ti (50 run) and Au (100 nm) metal 

layers were sputtered onto the drain and source pattern area. The samples were then 
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annealed at 450 °C for 1 minute to form ohmic contacts. The fabrication processes of 

the gate terminal are identical with the MISFET fabrication steps. It involves Ni 

(10 nm) and Au (10 nm) metal depositions on top of the Si02 layer by using e-beam 

evaporation method. After the metal lift-off process, the fabrication of the diamond 

p-type depletion mode MOSFET device is completed. Optical images of the 

MOSFET device (sample Nl) are presented in Figure 8.12. Two-probe 

measurements were performed across the source and drain terminals for both 

samples Nl and N2 using a Parameter Analyser HP 4155A. 

Step 1: Drain-source terminal 
fabrication 

Diamond substrate 

• 
First mask & 
BOE etch 

Diamond substrate 

• 
TiiAu metal 
sputtering & 
annealing 

Diamond substrate 

Step 2: Gate terminal fabrication 

Diamond substrate 

Second mask & 
Ni/Au metal 

Diamond substrate 

Figure 8.11 Fabrication steps for the MOSFET device. This involves a 

two-step photolithography process, drain-source terminal and gate terminal. 
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(a) 

(b) 

Figure 8.12 Optical images of the (a) four fabricated MOSFET devices and 

(b) magnified image of a single MOSFET device. 

8.3.3 Experimental Results and Discussion 

Figure 8.13(a) and 8.13(b) show the logarithm plots of the /- V measurements on the 

drain-source current, the source-gate and gate-gate leakage currents for sample Nl 

with two maximum biases of 1.5 and 20 V respectively. The gate leakage current can 

be determined by biasing the drain/source and gate terminals. In this work, two 

adjacent gate terminals were also biased in order to explore the quality of the gate 

material Si02. It can be seen in Figure 8.13(b) that the gate leakage current is in nA 

scale at a bias of 1 V. The drain-source current is quite large and saturates at 100 mA 

for a bias of less than 1 V. The current saturation is due to the current limitation set at 
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100 mA for the HP 4155A analyser. As a result, the drain-source current should 

exceed 100 mA for biases above 1 V. 
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Figure 8.13 /- V measurement on drain-source terminals (without gate bias) 

and gate leakage current for sample N1 (2 x 10
21 

cm-
J

) with a maximum bias of 

(a) 1.5 V and (b) 20 V. 

Figure 8.14(a) and 8.14(b) show the I-V measurements for sample N2 with a thinner 
. . f 5 1020 -3 delta layer (4 nm) and a dop1l1g concentratIon 0 x cm . For a source-drain 
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bias up to 1.5 V, the source-drain current is about 1 rnA. On the other hand, the gate 

leakage current at the same bias is extremely low, which is in pA scale. The 

source-drain current increases to above 70 rnA when biased at 20 V. The gate 

leakage current also increases with bias but it is sti ll very low (nA) at a bias 0[20 V. 
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Figure 8.14 I-V measurement on drain-source terminals (without gate bias) 

and gate leakage current for sample N2 (5 x 10
20 

cm-
J
) with a maximum bias of 

(a) 1.5 V and (b) 20 V. 

It can be summarised that the MOSFET devices (N 1 and N2) have a slightly larger 

d 
. current and much lower gate leakage currents compared to the MISFET 

ram-source 
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devices (MI , M2 and M3) as discussed in Section 8.2. As discussed before, the large 

gate leakage current for the MISFET devices is probably due to the low quality of the 

diamond intrinsic capping layer. 

The electric field control to modulate the depletion region underneath the gate needs 

to be large enough in order to turn on or turn off the p-type depletion mode MOSFET 

device. Since the boron doped delta layer is quite thin (4 lU11) in sample N2 and 

boron doped layer in sample Nl is relatively thick (50 nm), it is expect that the 

sample N2 has a better electric field control so as to achieve MOSFET performances. 

To investigate the electric field control by the gate for sample N2, a three probe 

measurement was performed in order to apply bias on the gate and drain terminals 

while the source terminal was grounded. Figure 8.15 shows a schematic diagram of a 

p-MOSFET device with both drain-source and gate biases. In this experiment, the 

source is positive biased while the drain is negative biased. The polarity of the gate 

can be varied from positive to negative in order to investigate the effect of electric 

field control on the gate. 

+ V SD -

Intrinsic diamond substrate 

Figure 8.15 Schematic diagram of an electric circuit of a p-MOSFET device 

with drain-source and gate biases. 
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Figure 8.1 6 shows the changes of the drain current while both of the gate and drain 

biases are applied. It can be seen that there is only a minor change in the source-drain 

current with the appl ication of the gate bias . The source-drain current increases about 

0.2 % for every gate bias change of 5 V. This phenomenon can be explained as 

fo llows: 
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Figure 8.16 Drain current, ID versus drain-source voltage, V DS, with negative 

bias applied to drain on sample N2. The gate is biased from -10 V to 10 V in the 

step of 5 V and the sou rce is grounded. Inset shows the ID and V DS on a smaller 

scale (i.e. -28 rnA to 30 rnA and -9.5 V to -10 V for ID and V DS, respectively). 

When the gate is negatively biased, it will attract holes or repel electrons and as a 

result, the p-doped channel is full of holes. Hence, this will lead to the increment of 

the source-drain current. On the other hand, positive gate bias will result in the hole 
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repulsion or electron attraction and thus there are fewer holes in the p-doped channel. 

Consequently, there is a reduction in source-drain current. 

~~ 

However, no current saturation and pinch-off was observed which can be attributed 

to two factors. Firstly, the boron-doped delta layers have relatively high peak boron 

concentration and peak width, leading to a high sheet density of holes in the channel. 

Secondly, the relative thick Si02 gate dielectric of 55 run required to prevent gate 

leakage leads to a reduced field under the gate. It has been reported that the same 

dielectric with a thickness of 100 run has been chosen in previous diamond MOSFET 

devices. For those devices, no pinch-off characteristics was observed for gate bias up 

to 40 V due to weak electric field control [6]. 

Strong electric field control with excellent DC and RF characteristics can be 

achieved by either utilising submicron gate length [7-8] or by reducing the highly 

boron-doped layer [9]. Hence, to gain stronger electric field control, the thickness of 

the highly boron-doped layer beneath the gate terminal should be reduced further [9], 

which can be achieved by ICP Ar/Ch plasma etching with the high etch depth 

controllability. In order to fabricate such recess gate depletion mode p-MOSFET 

devices, a diamond sample with the same layer structure as sample N1 has been 

employed. 

Figure 8.17 shows the fabrication steps of the recess gate p-MOSFET. The 

fabrication processes are fairly different from those to make the normal p-MOSFET 

devices as described in Figure 8.11. The first step of the fabrication involves the 

deposition and patterning ofTi (50 run) and Au (100 nm) source and drain contacts 

by using photolithographic patterning, sputtering and lift-off techniques. The sample 

was then annealed at 450°C for 1 minute in order to form ohmic contacts. By 

employing the Til Au contact as an etch mask, Ar/Ch plasma etching was used to 

remove 48 nm thick highly doped diamond resulting in a reduction of the layer 

thickness of highly doped diamond from 50 nm to about 2 run. By this way, it is 

expected that the field control in the delta layer will be enhanced. Then a Si02 layer 

of 55 nm was deposited on to the diamond sample to serve as gate insulator. By 

191 



Chapter 8 Diamond Micro-electroni c Devices: MI FET and MOSFET 

utilising the same mask again, the Si02 on top of the TilAu metal contacts was 

removed. Finally, the Ni (10 run) and Au (10 run) layers was deposited using e-beam 

evaporation and patterned to form gate contacts. 

Step 1: Drain-source terminal 
fabrication 
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Diamond substrate 

• 
First mask & 
Til Au sputtering 
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• 
Ar/Ch etch and 
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Step 2: Gate terminal fabrication 

Diamond substrate 

I 
First mask & 
Si02 removal on 
TiiAu pad 

Diamond substrate 

I 
Second mask & 
Ni/Au 
evaporating 

Diamond substrate 

Figure 8.17 Fabrication steps of a recess gate depletion mode p-MOSFET 

device. 

After the completion of the device fabrication , a three-probe measurement was 

performed. The gate and drain terminals were biased while the source terminal was 

grounded. Figure 8.18 shows the changes of the source-drain current while both of 

the crate and drain biases are applied. It can be observed that the modulation in the 
o 
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source-drain current with the application of the gate bias are relatively large 

compared to the changes of the p-MOSFET without the recess gate. In this case, the 

source-drain current increases about 5 % for every gate bias change of 5 V. 
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Figure 8.18 Drain current, 10 versus drain-source voltage, Vos, with negative 

bias applied to drain terminal of a recess gate of p-type MOSFET on a sample 

with the same layer structure as sample N1. The gate is biased from -10 V to 10 

V in the step of 5 V and the source is grounded. Inset shows the 10 and Vos on a 

smaller scale (i.e. -30 rnA to -50 rnA and -0.8 V to -1.0 V for 10 'and Vos, 

respectively). 

This result shows that the fie ld control of the gate in this recess gate device is much 

stronger compared to the p-MOSFET without the recess gate. The improvement of 

the gate electric fi eld control can be attributed to the fact that the thickness of the 

highly-doped layer beneath the gate terminal has been reduced to 2 run and hence the 
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electric field control is stronger. Nonetheless, current saturation or pinch-off of the 

source-drain current has not been observed although a high gate bias (lOV) has been 

applied. This is probably due to the large thickness of the boron-doped delta layer or 
/-," 

the high doping concentration. However, the fabricated diamond p-MOSFET devices 

are able to modulate large drain currents (/D is about 40 rnA at a VDS of less than IV) 

by varying the gate bias. 

8.4 Summary 

With the capability of ICP Ar/Ch plasma of highly controllable etch rate 

(in nanometre scale) and surface smoothing effect (removing sub-surface damage), 

as described in Chapter 6, a high quality MISFET device has been successfully 

fabricated. In both diamond MISFET and MOSFET devices, the drain and source 

terminals are in contact directly with the highly-boron doped diamond. It has been 

shown clearly that all the J-V measurements between source and drain terminals 

exhibit ohmic behaviour. These results show that the Ar/Ch plasma etching is able to 

stop precisely at the delta layers and hence forming good ohmic contacts. 

To avoid large gate leakage current as shown in the MISFET device, dielectric such 

as Si02, has been chosen as a gate insulation material. This leads to the fabrication of 

the MOSFET devices. Prior to device fabrication, it is crucial to investigate the Si02 

thickness that can withstand the large gate bias. It is observed that the Si02 thickness 

of 55 nm is able to withstand large bias up to 20 V. For this reason, the thickness of 

55 nm is chosen to be the Si02 gate thickness. The fabrication steps for MOSFET 

devices are very similar to MISFET devices except that the cap layer used in the first 

case is Si02. The Si02 can be etched away by using BOE solution. The electrical 

measurements show that the MOSFET devices can sustain large gate bias 

(up to ±20 V due to the limitation of Parameter Analyser) with a large drain current 

(100 rnA) and a very low leakage current. It was found that the fabricated MOSFET 

devices can not be fully pinched-off. One of the possible reasons for no-pinch off is 

the relative thick Si02 gate dielectric of 55 nm required to prevent gate leakage. The 

other possible reason may be attributed to the high boron doping concentration 

(2 x 1021 cm-3) in the delta layer in association with the relatively thick boron doped 
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layer of 55 run. Hence, the thinner delta layer with lower doping concentration 

should be used in order to obtain stronger electric field control. By fabricating a 

recess gate of p-MOSFET, which reduces the thickness of the highly doped layer 
~ 

(from 50 run to 2 run for a sample with the doping concentration of 2 x 1021 cm-3
), 

the gate field control is much enhanced although it is still not strong enough to fully 

pinch-off the source-drain current. 
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Chapter 9 

Conclusions 

9.1 Conclusions of Current Work 

Chapter 9 Conclusions 

In this project, ICP etching of diamond usmg oxygen-based (Ar/02) and 

chlorine-based (Ar/Ch) plasmas were investigated. I have also studied the effects of 

ICP platen and coil powers and gas pressures on the diamond etching. 

It was demonstrated that Ar/Ch plasma etching has the capability to smooth the 

surface of the HPHT diamonds and the reduction of surface RMS roughness from 

0.53 nm to 0.19 nm was achieved. The etch selectivity and diamond etch rate by 

using Ar/Ch plasma is found to be only half of those by using the Ar/02 plasma, 

which enables a good control on the etch depth for fabricating diamond 

microstructures. By varying the ICP coil power, the etch rate of diamond can be 

further reduced to about 0.7 nm/s. With such a low etch rate, very shallow diamond 

micro-trenches with a depth of 8 nm have been fabricated. Excellent etch 

reproducibility and controllability by using Ar/Ch plasma were demonstrated. These 

results also confirmed that the etch rates for different types of diamond including 

intrinsic, boron-doped and HPHT diamonds are almost the same. 

Based on these studies, I have designed and fabricated various diamond micro-optics 

including diamond micro-spherical positive and negative lenses, special 

micro-cylindrical and micro-ring lenses, complex micro-lenses and optical gratings. 

The structural and optical properties of the diamond micro-optics are fully 

characterised. The characterisations revealed the high optical quality and 

functionality of the fabricated diamond micro-optics. Working with my colleagues in 

the Institute of Photonics, I have also explored the applications of the diamond 

micro-optics, such as to develop micro-lensed micro-VECSEL photonic devices. 

By using ICP Ar/Ch plasma etching and other processes, I have developed diamond 

electronic devices such as diamond MISFETs and MOSFETs. To realise such 

MISFET or MOSFET devices, ohmic contacts with low specific contact resistances 
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are required. By using aqua regia surface treatment, the specific contact resistance on 

the highly boron-doped (i.e. 5 xl 019 cm-3) diamond layers was effectively reduced. A 

lowest specific contact resistance of9.99 x 10-5 n.cm2 has been achieved by applying 
~~~ 

both surface treatment and laser ablation techniques followed by contact R T A 

annealing. With the high controllability (in nanometre scale) and surface smoothing 

effect (removing sub-surface damage) of ICP Ar/Cb plasma etching, complete 

diamond MISFET devices have been successfully fabricated. In these devices, the 

channel length is designed to be 6 /lm and the gate sits on top of an intrinsic diamond 

layer. The drain and source terminals are in contact directly on the highly-boron 

doped diamond delta layer. All the J-V measurements show the drain and source 

contacts are ohmic, which demonstrates that the Ar/Cb plasma etching is able to stop 

precisely at the delta layer. However, the diamond structures used for the MISFET 

device fabrication are the early development samples, and in these it was found that 

the gate leakage was quite large (in the /lA scale). To overcome this problem, I 

developed the diamond MOSFET devices. 

To avoid large gate leakage current, dielectric Si02 has been chosen as a gate 

insulation material. For these MOSFET devices, it is crucial to identify the minimum 

Si02 thickness that can withstand the required gate bias. Our measurements show 

that a Si02 layer with a thickness of 55 nm is able to withstand a bias up to 20 V and 

such a 55 nm thick Si02 layer is chosen for device fabrication. The fabrication steps 

for diamond MOSFET devices are similar to those of the diamond MISFET devices 

except that the gate insulation material used in the MOSFET devices is Si02. The 

electrical measurements show that the diamond MOSFET devices can sustain large 

gate bias (up to ±20 V due to the limitation of Parameter Analyser) with a large drain 

current (100 rnA) and a very low leakage current. It was found that the fabricated 

MOSFET devices can not be fully pinched-off. One possible reason for no-pinch off 

is that the boron doping concentration (2 x 10
21 

cm-
3
) in the delta layer may be too 

high. The relatively thick delta layer in the devices may be another possible reason. 

Hence, thinner delta layer with lower doping concentration should be used in order to 

achieve stronger electric field control. By fabricating a recess gate p-MOSFET, in 

which the thickness of the highly doped layer (doping concentration of2 x 1021 ~m-3) 
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is reduced from 50 run to 2 run, the gate field control is much enhanced although it is 

still not strong enough to fully pinch-off the source-drain current. 

9.2 Future Work 

By further optimising the fabrication processes, the quality, functionality and 

performance of the diamond micro-optics can be improved. It is also possible to 

develop diamond micro-optics with special parameters such as ultra-shallow and 

ultra-small micro-lenses for various applications. Furthermore, based on the 

fabrication processes achieved in this project, novel diamond based optical devices 

can be fabricated, including diamond waveguides, micro-resonators, photonic 

crystals and micro-cavities. Such new diamond micro-optics will play crucial role in 

developing high performance micro-optical systems. 

On diamond electronics, current studies showed that surface chemical treatment and 

laser ablation are critical steps in achieving ohmic contact formation on p-doped 

diamond. It is expected that the optimisation of the parameters of laser ablation will 

further reduce the specific contact resistance. And also, surface plasma treatment 

using other gases, e.g., hydrogen plasma (which is believed to be able to enhance the 

surface conduction due to the formation of hydrogen terminated surface) are worthy 

of pursuance. Clearly, for the practical applications of diamond MISFET or 

MOSFET devices, it is essential to reduce the gate leakage current and also to realise 

complete channel pinch-off. To achieve these targets, the quality of the intrinsic 

diamond should be further improved to reduce the gate leakage. Also, the thickness 

of the highly-doped delta layer should be further minimised so as to achieve the 

current saturation and pinch-off in the p-channel region of the diamond MOSFET 

devices. 
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Appendix D - Calculation of Heights of the Partial Spherical Micro-structures 

using Turbo C Programme . 

a) Turbo C Programme 

#inc1ude <stdio.h> 

#inc1ude <stdlib.h> 

main 0 
{ 

float hI, h2, h3, h4, r, answer; 

char want_to_continue, newline_char; 

do 

{ 

c1rscrO; 

printf("\n"); 

printf("\nPlease enter the height of the cylindrical structure: "); 

scanf("%f", &hl); 

while (h 1 <= 0.0) 

{ 

printf("\nPlease re-enter the height of the cylindrical structure: "); 

scanf("%f", &hl); 

} 

printf("\nPlease enter the radius of the cylindrical structure: "); 

scanf("%f", &r); 

while (r <= 0.0) 

{ 
printf("\Please re-enter the radius of the cylindrical structure: "); 

scanf("%f", &r); 

} 
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h3 = hI * 2.0; 

if (r >= 50) 

h4 = 0.05; 

else 

if (r >= 25 && r < 50) 

h4 = 0.005; 

else 

if (r >= 10 && r < 25) 

h4 = 0.001; 

else 

if (r >= 5 && r < 10) 

h4 = 0.0002; 

else 

h4 = 0.00009; 

for (h2 = 1.0; h2 <= h3; h2=h2+0.000001) 

{ 

answer = h2*h2*h2 + 3*h2*r*r - 6*r*r*hl; 

if (answer <= h4 && answer >= -h4) 

{ printf("\n"); 

printf("\nThe height of a partial spherical structure = %f 

micron." ,h2); 

") ; 

printf("\nThe value of h2"3 + 3h2r"2 - 6r"2hl is %f." ,answer); 

} 

} 

printf("\n\n\n\n\n%61 s" ,"This program is written by : Chee-Leong Lee 

printf("\n\n%52s", "Do you wish to continue (yin): "); 

scanf("%c", &newline_char); 

scanf("%c", &want_to_continue); 
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} 

while (want_to_continue == 'y' II want_to_continue == 'Y'); 

return 0; 

} 
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b) Example of an Output Screen 
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Abstract 

O~ing to its hardness and chemical inertness, most .of the ~revious s~dies to f~bricate structures and devices on diamond have used the 
conventional Reactive Ion Etching (RIE). Recently, e~chll1~ of dIamond uSll1g Inductively Coupled Plasma OCP) system was reported to have a 
higher etch rate than using RIE. In this work, ICP etcl~mg.wlth Ar/02 pl~sma has been employed to fabricate micro-optics on both natural diamond 
and high-pressure, high-temperature (HPHT) synt~etlc dlam~nd .. The d~amond etch rate has been studied as a function of ICP platen power, coil 
power and gas pressure. The etch rate is shown to II1crease with IIlcreasmg ICP platen and coil powers. Arrays of negative (concave) and positive 
(convex) diamond microlcnses with diameters ranging from 10 to 100 ~m were f~bricated using hot-embossing and photoresist re-flow methods, 
respectively, followed by ICP etching. Surface morphology of these dIamond micro-lenses was characterized by using both Scanning Electron 
Microscopy (SEM) and Atomic Force Micros~opy (AFM!. These measurem~nts show that the natural diamond micro-lenses have root-mean­
squared surface roughness of 1.2 nm. The optical p:o~ertles of the co~vex diamond microlens arrays, such as focal length and spot size, were 
characterised by a laser scanning reflection/transl.TIISSl0n confocal mlcro~copy t~chnique. The measured optical parameters are close to the 
calculated values, confirming that the fabricated diamond lenses have a high-qualIty surface profile. 

© 2005 Elsevier B.Y. All rights reserved. 

Keywords: Natural and synthetic diamonds; Etching; Surface characterization; Optical properties 

1. Introduction 

Diamond has excellent optical, electrical and thern1al 
properties. It is unmatched in being transparent from t~e d~ep 
ultraviolet to beyond a wavelength of 100 11m n~akl~g It a 
particularly attractive material for micro-opti~s. applIcatIOns. ~~ 
addition diamond has high thern1al conductIvIty, 20 W cm 
K- I at 'room temperature [1,2], making it the best thern1al 
conductor of any material. Thus heat dissi~ation is much of less 
Concern for diamond-based devices. DIamond can also be 
coupled into vertical cavity surface-emitt~n~ la~ers (VCSELs) 
Or other optoelectronic devices for heat dIssIpatIOn. . 

One of the most difficult aspects of diamond pr~cessmg for 
purposes such as the above is the etching ~f dIamond for 
isolation or alteration of the surface. Due to It.S hardness. and 

ch . I' rt ost of the previous studIes to fabncate 
emlca me ness, m d h' 

structures and devices on diamond have used the ry etc mg 
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t~chniques. To date, the most successful approaches to etching 
dlamo~d are based on either Reactive Ion Etching (RIE) [3], 
Inductively Coupled Plasma (ICP) [4-7], or Electron-Cyclo­
tron Re~onance etching (ECR) [8]. 
. In thiS w~rk, we .report on the fabrication and characteriza­

tIons of ~IC~O-OptICS on both natural diamond and high 
pressure, Ig temperature (HPHT) synthetic diamonds by 
usi~g .ICP etching. The etch rates have been studied and 
opttmlzed as a function of the ICP coil power, platen power 
an.d gas pressure. Based on this study, two different types of 
micro-lens arrays, namely, positive and negative micro-lens 
arrays ha~e been fabricated. Negative micro-lenses can 
produce divergent beams from a collimated source and h 
th b' f fb ence e com ma IOn 0 oth positive and negative micro-lenses will 
enable complete micro-optical systems to be fabricated [6,9]. 

2. Experimental 

2.1. Etching rate study 

An STS. Multiplex Iep etcher was used to etch diamond 
samples usmg Ar and O2 gas mixture. In order to optimize the 
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Diamond sample 
Diamond substrate 

(3) (b) 

Pig. I. (a) Process sequence or pos ilive micro-lens rabricalion. (b) Process 

Sequence or negative micro-lens fabricalion. 

etch rates, the ICP platen power was changed progressively 
from 0 to 300 W and the ICP co il power was varied from 100 
to 800 W. The total pressure was changed from 5 to 30 mTorr. 
The sample holder was helium-cooled. The diamond temper­
ature was maintained to 30 °C throughout the experiments. The 
fl ow rates of Ar and O2 gases were fi xed to 15 and 40 sccm, 
respecti vely. 

2.2. Fabrication o/positive micro-lenses 

For spheri ca l positive micro- lens array fa brication, photo­
res ist- refl ow and ICP etching techniques were adopted, as 
Shown in Fig. J (a) . Shipley SPR220 photoresist was first spin­
Coated onto the substrates. Cylindrica l pillars of photoresist, 
With diameter ranging from 10 to 100 Ilm were then fa bricated 
USing standard photolithography methods. After the formation 
of the photoresist pillars, the sample was then placed onto a 
hotplate at 125 °C fo r 5 min . The cylindrical pillars melted and 
fo rmed good spheri ca l structures due to the surface tension. 
The substrate was then etched using A r/0 2 plasma at 5 mTorr 
to transfer the resist pattern onto the diamond substrate. 

2.3. Fabrication 0/ negative micro-lenses 

In order to fabr ica te negati ve micro-lenses, a silicon 
SUbstrate with spherica l micro-lenses of approx imately 10 Illll 
height was fab ricated by thc resist- refl ow method to be 
en1ploycd as a mould. A hot-embossing technique was then 
used to transfer the pattern from the silicon mould onto the 
I;PHT syntheti c diamond substrate, as shown in Fig. J(b). The 
diamond substrate coa ted with SPR 220 photoresist was first 
baked on a 130 °C hotplate fo r 5 min. The silicon micro- lens 
n10uld was then pressed aga inst the photoresist layer on the 
diamond substrates and the assembly was placed on a hotplate, 
Sct to 11 5 0C, to soften photoresist. Afterward , the diamond 
SUbstrate and sili con mou ld were separated by using tweezers. 

Di.amond negati ve micro-lenses were fo rmed by ICP etching 
uSlllg A r/0 2 plasma. The fl ow rates of Ar and O2 were set to 15 
and 40 sccm, respecti vely. The ICP platen and coil powers 
were set to 50 and 400 W, respective ly. 

Fina lly, a Scanning Electron Microscope (S EM) and an 
A.tomic Force Microscope (AFM) were used to study the 
diamond surface morphology, the etching depth, and the 
surface roughness fo r both positi ve and negati ve lenses. The 
optica l properties of the micro-len es, such as focal length, 
were mea ured by a laser scanning confocal microscope [5] . 

3. Results and discussion 

3. 1. Etchillg rate ill vestigations 

. . I.t is observed fro m Fig. 2(a) that the diamond etch rate 
1I1ltially IIlcreases rapidly at low ICP platen power. Similar 
results h~ve. been reported that the increas ing the ICP platen 
power will lIlerease the etch rate signi fica ntly [4]. At higher 
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(b) (a) 

Fig. 3. Natural diamond positi ve microlens atl'ay of (a) SEM image and (b) 

confocal re fl ection/transmission scan image. 

ICP platen power (i.e. > 100 W), the etch rate increases at a 
slower rate. The mechanism of di amond etching can be 
ex plained as follows. The AI' ions created in the plasma are 
used to bombard carbon atoms in the diamond structure. The 
increment of ICP platen power will increase the ion bombard­
ment effect. Hencc, the Ar ions have much higher energy to 
remove carbon atoms. Consequently, the etch rate increases. 
Th carbon atoms removed will then interacted with oxygen 
ions to form COo or CO gases. However, upon reaching cel1ain 
ICP platen pow~r, the increase of etch ratc becomes slower 
owing to the limitation of the Arion densIty. In other ",:ords, 
the number of carbon atoms being bombarded away WIll be 
still the same no matter how high the Arion energy is if the 
total number of AI' ions remains un-changed. 

To further investigate the etch rate cha racter~ sti cs, the coil 
power was varied from 100 to 800 W. Two dIffe rent platen 

po (. 200 and 300 W) have been used at different co il wers I. e. 
powers. It is shown in Fig. 2(a) that the etch rate increas~s with 
the increment of co il power. An increase III CO Il power WIll lead 
to an increase in ion dcnsity. Hence, when the cot! power IS 
increa ed, more ions are created in the plasma ~nd conse­
quently more carbon atoms are bombarded away. ThIS WIll lead 

to an increa e in the etch rate. 
lt is also observed in Fig. 2(a) that under the same co il 

power the etching with higher platen power (300 W) has a 

h
. ' d t the etchl'ng at lower platen power 
Igher etch rate compare .0 . . 

(200 W). It is known that the ion energy IIl creas~s Wlt~ the 

pi t 
. fi . ICP etclling Thus higher etch rate IS achIeved a en powel 0 1 ' . . 

b . h' I latell power In thIs case, the etch rate IS y uSlllg Ig ler p ' . . ' . 
d t 

. d b th . n ellel'gy rather than the Ion denSIty slllce e ermllle y e 10 

the same co il power has been used. . ... 
Fig. 2(b) shows that an optimum pressure (I. e. 10 mTolI ) IS 

d d I . th h'gllest etch rate of 0.22 ± 0.0 I flm/mlll . nee e to ac lleve e I 
Th I 

. s WI'tll tile increment of the pressure fro m 
e etc 1 rate IIlcrea e 

5 to 10 mTorr. In this case, more reactive species,. such as 0 , 
will be generated. Hence, more volatile products (I. e. CO and 

CO ) b fi d d rellloved from the surface of the 
2 can e 'On1le an . . . 

d· d C tl tll ere is an IIlcrease In the etch latc. lamon . onsequen y, . 
Th fi 

. Cllelllical-!imited regime when the 
ere ore we are III a ' . . 

.' T . H wever the enhanced lon- Ion 
pressure IS Ie s than 10m 0 1 r. 0, . . . which occur at hIgher gas 
and ion-electron recomblllatlOn, . 
pressure (i.e. > 10 mTorr), can induce less AI' Ions [10]. As a 

h· I than 10 mTorr there IS a 
result as the pressure goes Ig leI' , ' 
d ' . A' d 'ty Although there is enough of thc 

Ccreasc III r Ion ensl . fA' 
I . d cts the decrease 0 r IOn 

reacti ve species to form etc 1 PI O u , 

density could result in thc reduction of etch rate in this pre sure 
range. Therefore, an ion-limited regime may be established 
when the pressure is higher than 10 mTorr. 

3.2. Positive micro-lenses 

Positive micro-lenses in natural diamond with diameters 
ranging from 10 to 100 flm have been fa bricated. Fig. 3(a) 
shows an SEM image of a representative micro-lens array with 
a lens diameter of 18 flm. The profiles of the lenses were 
compared to the theoretica l curvature of a circle using a chi­
squared fitting algorithm. By fitting the observed lens surface 
profil e, it was confi rmed that the micro-lenses produced are 
very close to spherica l in shape. The AFM measurements show 
that these diamond micro-lenses have a RMS roughness value 
of 1.2 nm fo r a I x I flm area, indicating the high surface 
quality of these micro-lenses. 

The foca l length and beam spot size of these micro- lenses 
have been measurcd using the refl ectionltransmiss ion laser 
scanning confocal microscopy technique [5] , as shown in Fig. 
3(b). The lateral reso lution of the confoca l microscope is 
estimated to be 0.25 0.02 flm at a wavelength of 488 nm. The 
parax ial focal length of a plano-convex lens is given by 
f = (h2 + r2) / [211 (11 - I )], where 11 is the reflective index of the 
lens, r is the surface radius of the lens and h is the height of the 
lens. The value of n for natural diamond is 2.42 at the 
wavelength of 530 nm used in the measurements. The focal 
length of these micro-lenses was measured to be 21 I flm 
which is very clo e to the calculated va lue of 19.6 flm (based 
on the equation above), confi rming the high fidelity of the 
fabrication process. In addition, the beam spot size at the focal 
point has been determined to be about 1.4 flm . 

3.3. Nega tive micro-lenses 

Diamo~d negative micro-lenses with different depth have 
~ee.n . fa bncated. Fig. 4(a) shows the AFM image of an 
IIldlvldual shallow negative micro-lens with a diameter of 50 
flm. The depth of this shallow micro-lens was determined to be 
0.18 flm from the profile. The RMS surface roughness was 
measured to be 2 nm over a 3 x 3 ~lm area, reveal ing the 
smooth surface of the micro-lenses. 

. The cross-sectional profile of this micro-lens is plotted in 
FIg. 5. The experimentally obtained profi le was then compared 

(a) (b) 

Fig. 4. AFM Images of (a) shallow and (b) deep negat ive micro-lenses in HPHT 
synthetIC diamond. 
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Fig. 5. Measu red and fitted surface pro fil es for both of the deep and shallow 

negative micro-lenses shown in Fig. 4. 

. f . cle It can be seen that the to the theoreti ca l curvature 0 a clr . . ., 
deviation fro m the th coreti ca l profil e is small , II1dlcatll1g the 

· . lose to a sphencal shape. profi le of the micro-lenses IS very c . 
An AFM three-dimensional scan of a representatl:e deep 

micro-lens with a diameter of 55 11m is illustrated 111 FIg. 4(b). 
to I . f I til of the micro- lenses was undertaken L:va uatlOn o ' tle pro I es . h I h t' I 
b . . , I ofil es Wit t le t eore Ica y companng the expenmenta pr . 

· . F'g 4 It rcveals aga ll1 that cu rvature of a circle, as shown 111 I . . . 
th . I II d 'atl'oll from a perfect sphencal surface. ere IS on y a sma eVI '. . ' 
However the RMS roughness of the lens surfacc IS lathel 1~l g~ , 
i.e. 15 n~l for a 3 x 3 11m area. This is due to the II1trll1SIC 
defects in the H PHT diamond . These intrinsic defects made the 

tly the surface to become etching non-uniform and consequen '. . 
rough especially after long time ICP etchll1g. It IS ex p~cted that 

· . I . s will be greatly Improved the surface qualtty of the mlcro- ense 
by using high quality diamonds. 

4. Conclusion 

The ICP etching of natural and synthetic diamon?s with Ar/ 
o d' d A max imum etch rate of 0.22 0.0 I 

2 plasma has been stu Ie.. that ICP laten and coil 
/.I11)/min has been achieved. It IS found P h t 
Powers affect the etch rate significantly fo r t e curren 

configuration ofthe etching system. Based on this study, positive 
and negative diamond micro-lens arrays have been successfully 
fabricated using novel processing techniques. The micro-lenses 
have diameters ranging from 10 to 100 11m. The positi ve micro­
lenses were fa bricated using photoresist re-fl ow technique. 
Meanwhile, the negati ve micro-lenses were fabricated using a 
hot-embossing technique. The RM S roughness fo r positive 
micro-lenses was measured to be 1.2 nm for a I x I 11m area. The 
focal length and the beam spot size were determined using laser 
scanning refl cction/transmission confoca l microscopy tech­
nique. Also, diamond negative micro-len es with different 
depths were fa bricated and characteri zed . These nega ti ve 
micro-lenses are very close to spherica l in shape. The combina­
tion of both positi ve and negative micro-lenses will enable 
complete diamond micro-optica l systems to be fabricated. 
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Abstract 

Micro-cylindrical and micro-ring lenses have bcen fabricated on chemica l val our deposition (CYO) diamond using photo-resist refl ow and 
inductively coupled plasma dry etching, The surface morphology of these micro-lenses was characterizcd using atomic force microscopy, 
revealing that they have a root-mean-squared urface roughness of less than 3 nm and a cross-sectional profile close to spherical in shape, The 
Optical propel1ies of the micro-Iense were charact~ri z~d by a I,aser scanning transmission/reflection confoca l microscope, The measured optical 
parameters are velY close to the calculated va lues, mdlcatll1g hi gh sffilctural and surface quali ty of the micro-Iense , The characteristics of these 
l1liero-lenses suggest that the approach used is suitable for fabricating complex diamond micro-optics with various fu nctionali ties, 

2006 Elsevier B.Y. All rights reserved. 

ynthctic diamond; Etching; Surface charactcrization; Optical propel1ies 

-
I. Introduction 

Diamond, long known for its unusual combination o:physical 
Characteristics is noW emerging as an important matcnal for the 
development ~f micro-optica l devices, Its optical tra,nsmission 
bandwidth is extremely wide, spanning the deep-ultra,v lolet to the 
far infrared spectral region, It possesses a ve,ry high then,nal 
Conductivity, offering combined heat-spread ing and op,tlcal 
functionality when integrated with optical sources ~uch as lIg,ht­
emitting diodes (LED's) and lasers, Furthell1lore, It has a high 
refractive index fo r the confinement and guiding of light, and 
Which, for example, can preserve optical ~un~tiona lit~ for 
biol11edical applications even in vitro , The fabrIcation of s ll1~pl e 
dial110nd micro-optics such as convex and concave. sP,hencal 
tnicro-Ienses wa repolied recently [1,2]. Othe,r app hca~lOn s 111 

areas including beam-shaping, optical filters, micro-cavItIes, and 
nlicro-ring resonators, urgently require the devel~pment of other 
tnore complex form of micro-structured dtamond ~ptIca l 
elements, Cylindrica l Icnses, for example, ,can b~ applIed to 
focus collimated light along one ax is or to clrcl~ l an ~c the beam 
frO I11 a lasc r diode by arranging twO cylIndrIcal lenses 
hn ' [3] F et al have shown that the 
~\'rpendlcular1y to each other ,u " ' 
Integ t' f S'O "cyll'lldricallens With a laser dIOde can 
I

ra Ion 0 a I 2 mlclO- ' 4 5 I I ed' fib I' ng effiCiency [ ]. t las a to the Improvement of I re coup I ' 
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also been reportcd that the astigmatism in a diode laser collimator 
can be corrected by placing a concave micro-cylindrical lens in 
fr~nt of the collimator [4]. Furthermore, micro-light emitters and 
micro-resonators in ring fOrt1lat havc recently attracted much 
attention [6~9]. Applications of such concepts in areas including 
decp-ultravlolet LED's [10] and ultrav iolet laser diodes (where 
t~e ~·e fract!vc index of diamond i a close match to that of gallium 
nttndc), diamond single-photon source [11] biomedical sensors 
and in-v itro imaging systems wo uld all benefit from the 
ava ilability of novel optical microstructures formed in diamond. 
For :he~e reasons, we concentrate here on demonstrating the 
fab ncatlOn of micro-ring and micro-cylindrical Icns structures. 
W,e utilize chemical vapour deposition (CYD) polyclystalline 
dtan~ond with high optical quality. Our results should be equally 
applIcable to natural ingle-crystal diamond. 

2. Experimental 

2.1 . Fabrication 

. Due to its hardness and chcmical inertness, process ing of 
d~amond presents a considerable technical challcnge. Several 
dl:ferent techniques have been adopted to fabricate diamond 
mlcrostr~ct.ltrCS, for example laser micromachining [1 2], ion 
beat~l mtll1llg [13] and inductively coupled plasma (ICP) 
etchll1g [14- 16]. In this work, the ICP technique with ArlO 
plasma is used for fabricating the diamond lenscs due to its higl~ 
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'. 1 f a t pica l VO diamond micro-cylindrica l lens of20 pm ba e width and a secl ion ofa micro-ring lens with diameler of 
Fig. I. (a) and (c) AFM images, respecli veIY('do) eaYs ll red and lined surface profi les fo r a micro-cy li ndrica l lens and a micro-ring lens, respecli vely . 

. f?5 '(b)anc III ' I 0 pill and ring Width ° - Pill , 

Tt The fab rication of micro­
controllability and rcpeatabl I y'd rt ken on a 10 mm x 10 mm 
cylindrica l and ring lenses was un eh·a k es of 300 "m The 

. . with a t tC n ,.. . 
CYD diamond substl a~D diamond was evaluated with AFM 
urface quality of the C d RM S (root-mean-
. f: b ' ti on The measure 

pnor to lens a r.lca . ". S lIm x S " m scanned area. No 
) h s IS 3 nm 10 1 a,.. t" 

square roug nes I d' nond surface under an 
. . c: bserved on t le tal 

vIsible de lect was 0 'd f the CY D diamonds have 
. I ' e and both Sl es 0 . optlea mlcroseop . I' dr'lca l and micro-nng . I I'ty M Icro-cy 111 

the same optlca qua I . d in hoto-resist using a standard 
pillars were first fabnca~e Phd [17] A 7 pm thick 

h d' SISt refl ow met 0 . 
photolithograp y an Ie . . t was spin-coated onto the 

I · I SPRn O photo-Iesls 
layer of lip ey - k atterning the substrate was 
d· d b t t A fter mas p ' . 

lamon su s ra e. SoC fo r 2 min to allow the photo-res ist 
placed on a hotplate at 12 . both the micro-cylindrica l 

I rface tenSIOn , 
to re-fl ow. Due to t le su . ccessfully fo rmed in the 

. . I t · ctures wele su 
and mlcro-nng ens s I u . ere then transferred onto 

. Th I s structUi es w 
photo-resIst. ese en I . USI'llg the ArlO, plasma. 

. b ICP etc lll1g -
the diamond substrate Y I d were after a series of 
The ICP etch parameters emPbo~e l a tel~ power of 40 W 

. ., t chosen to e. a p f 
Opt1mlzatlO~l s eps,. wer of 400 W, a chamber pressure 0 

(- 140 Y bias), a co t! po ( talldard cubic centllneter 
fl . t of IS sccm s ' 

5 mTorr, and ow la es fI . ° respectively. Under the 
per minute) for AI' and 40 secm ~10 O~ pm/min was achieved. 
above conditions, an etch rate 0

0 
' . etchl'ng the ubstrates 

. 30 lin unng · , The total etch time was n . 

were mounted on a silicon wafer with vacuum grease to 
enhance the heat-spreading in order to avoid photo-resist 
burning. By this technique, arrays of micro-cylindrica l lenses of 
(base) width as small as 20 pm have been fabricated. The 
diamond micro-ring lenses fabricated have an outer diameter of 
180 pm. The widths (outer minus inner radi i) of the micro-ring 
lenses range fro m S pm to 4S ~Im . 

2.2. Micro-lens characterization 

The surface profil e and quality ofthe micro-lenses fabricated 
were eva luated by atomic fo rce microscopy (AFM). Laser 
scanning reflection/transmiss ion confocal microscopy, which 
we demonstrated previou Iy in a related context, [2 , IS, 18] was 
used to characterize in detail the optical propelties of these 
diamond micro-lenses. The experimental setup of the confocal 
microscope has been reported elsewhere [IS]. This technique 
allows the coll ection of both refl ected and transmitted light 
sectional images simultaneously. The transmitted-light sections 
are here obtained using a beam-expanded and pre-collimated 
532 nm solid-state laser beam focused through the micro-lenses. 
The refl ected-light sections are taken under refl ection by 
488 nm laser light. Whereas the plane-v iew transmission 
sections reveal the optica l properties of the lenses such as focal 
length , the plane-view refl ection sections locate the pos ition of 
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(a) 

-20~m 

~ . . . flecl ion image of Ihe CVD diamond micro-
I'Ig. 2. on foca l planc-v lew Ie .. , . 
.. . 'd I f?O 1m (a) and mlcro-nng lens wllh nng 

cy lllldnca l lenses IVllh a lens WI 11 0 - ,. 

width of 35 f.lm (b). 

II I d 'de information on structural topography. le ens an provi . . 
X Z Y- Z and X- Yoptlca l sections During the measurements, - , . . 

Eva luation of the profiles of the diamond micro-cylindrical 
and ring lenses was undertaken by examining the cross­
sectional profil es ex tracted from the AFM images. The 
measured profiles were then compared to the theoretical 
curvature of a circle. The cross-sectional profiles of the 
micro-cylindrica l and micro-ring Icn es and their fitted circular 
profiles are plotted in Fig. \ (b) and (d), respectively. It can be 
seen that the deviation from thc theoretical profilc is very small , 
indicating thc cross-sectional profile of the both micro­
cylindrica l and ring lenses is very close to spherical in shape. 

Panels (a) and (b) of Fig. 2, respectively, show the confoca l 
plane-view reflection images of the diamond micro-cylindrical 
lens array with a lens width of 20 ~lln and a micro-ring lens with 
a base width of 35 ~Im. These images show that both micro­
lenses were well defined. 

Confoca l plane-view optica l transmission sections of 532 nm 
laser light at the focal plane ofthc micro-cylindrical lens array and a 
micro-ring lens with a basc width of35 J-lm arc shown in Fig. 3(a) 

(a) 

II d c: Il y reveal the charactenstlcs of these 
were co ecte , to IU . ' (b) 
d

· . I Here Z is the perpendicular distance lamond I11ICro- enses. , . 
" d X d Yal'e the orthogonal co-ordJJ1ates for a 
Irom the lens an an h I 

. . I e of Z from t eens. section plane at a given va u ~ 

3. Results and discussion 

. . I AFM image of a portion of a represen-
A three-d lmenslOna . I . F' 1 ( ) Th 

lative diamond micro-cylindrical len IS s lown JJ1 Ig. .a. e 
base width of the lenses was measured to be?O pm. FI~. 1 (c) 

. f d' d nlicro-ring lens With a base Width of 
Shows a sectIOn 0 a lamon . 
2 

. I' d :cal and ring lenses fabncated have the 
5 J.,lm. Both mlcro-cy In II I I 

. Th AFM measurements show t lat t le 
Same height of 1.2 pl11. e I es of both 
surface RM S (root-mean-square) roughness va u 3 

. . .' I d : g lenses are less than nm 
diamond mtcro-cylJJ1dnca an I JJ1 I 
for a scanned area of5 pm x 5 !-1m. This is in ~he same va ue

h 
rang he 

d. d sllrface ThiS confirms t at t e 
as flor the ull-etchcd lamon . . ,with a low level of surface 
etched dIamond surfaces ale smooth . ' 
I· . d " 'optical applIcatIOns. Ight scattering, as reqUIre 101 

Fig. 3. Confoca l plane-view lransmission seclions al Ihe foca l plane of Ihe 
diamond micro-cylindrical lenses (a) and a micro-ring lens (b). Insellop in (a) is 
Ihe lighl in lens ity at Ihe foca l plane, whose position is indicated by the dashed 
li nc. 
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and (b), re pcctively. Thc sharp foca l lines and a foca l. ring al:c 
clearly observed in these images. Thc trace at the top of Fig. 3~a) IS 
an intensity scan at the foca l plane 111 the .case. of the mlcro­
cylindrical lenses. The results show that ~he I~ght 1I~~en s t ty of the 
foca l lines ofthe micro-cylindrical lenses IS qUite ulllfor~n not only 
along the lens but also from lens to I.ens: The foc~ 1 nng IS also 

'fi I own I'tl FI'g 3(b) II1dteattng the high structural Ulll 01111 as s 1 . , . 
uniformity and high optical quality ofthe ~i a n~ond micr~-nng lens. 

I t'o both tile micro-cy lll1d!'l ca l and nng lenses n cross-sec I n, 
can be regarded as plano-conv.ex .Ienses. The paraxial focal 
length Iof a plano-convex lens tS given by [15] 

( I ) 

Wh . tl ' fl ectt've t'ndex of the lens, R is the radius of ere II I le Ie . 
d I e the surface half-w idth and the height of 

curvature, r an 1 ar . ' 
th I t· Iy Tile va lue of II for diamond IS 2.42 at the e cns, re pec Ive . . 

I I f 532 nm used in the confoca l 111Icroscopy 
wave engtl 0 

Th dl'stance between the foca l plane and the 
measurement. e 
I . d fi d th fioca llength of the lens. The foca l length of ens IS e lI1 e as e . 
h 

. I' d . al lens with a lens Width of 20 pm was 
t e mlcro-cy 111 !'IC b 26± I 
measured, using the confoca l microscope, to e ~tm , 

h
· h . I e to the ca lculated va lue of 25.6 pm, w tC IS very co. , 

. d' . I I ' I fidelity of the diamond etch pl ocess. Focal 
111 Ica tll1g t le llg 1 I . 
I h fi tl 'CI'O 1'l' tlgS were measured 111 the same way engt s or ' le ml - , 

. I fi I llt'croscope The measUt ed (ca lculated) uSll1g t le con oca I . . . ' . 
I 

c:: I "0 l'l'ng lenscs With nng Widths of 25 pm, va ues lor 11e mlCI -
35 ~tm and 45 ~Im are 45 ± I pm (44.5 ~m) , 85 ~ I pm (86.7 ~Im) 
and 142 ± I pm (143 .0 pm) respecti vely. FIg. 4 s~ows the 

. . b tl . fioca llength and curvature radiUS of the 
relatIOnshi p etween le . 

. , I be seen that the expenmental data fitted 
mlcro-nng lense . t can 
vely well with the theoretica l c~II've based on ~q: ( I? . . 

I 
c:: I . t fa sphencallens, thc dl fftac tlOn-hmlted 

At t le loea pOIl1 0 , 
spot sizc d is theoretica lly given as [19] 

2.44j'J, 
d =--' ­

D 

(2) 

Where ), is the wavelengtb of the beam,fis the foca l length and 
D is the diameter of the lens. In the cases of cylindrical and ring 
lenscs, D should be the lens width. The measured spot sizes for 
thc micro-cylindrical lens of 20 pm Icns width and the micro­
ring lens of 35 pm ring width arc 1.75 ~lm and 3.36 pm 
respectively. They are very clo e to the theoretica l va lues 
calculated for both of the micro-cylindrica l and ring lenses, 
based on Eq. (2), wi th pot sizc of 1.66 ~tm and 3.22 pm, 
respectively. The j-ratio, defined as j7D and therefore closely 
rclated to the beam spot sizc, serves as one of the important lens 
parameters. For a given len diameter (width), the di ffraction­
limited spot size can be rcduced by decreas ing the foca l length 
of the lens. The lens with a short focal length can be fabricated 
by decreas ing its curvature radius as shown by Eq. (I). 
However, spherica l astigmatism of the lens becomes prominent 
with decreasing of the curvature radius of the lens. 

4. Conclusion 

Micro-cylindrica l and micro-ring len cs have been success­
fully fa bricatcd in CY O diamond by using photo-resist refl ow 
fo llowed by ICP etching. AFM characterization shows that 
these micro-lenses have a smooth surface with a RM S 
roughness Icss than 3 nm fo r a 5 pm x 5 ~tm scanned area, A 
laser scanning confocal refl ectionltransmiss ion microscopy 
technique has been adopted to cva luate the optical properties 
of the diamond micro-lenses. Confoca l microscopy measure­
ments show that both micro-cylindrical and ring lenses exhibit 
high optica l quality and functionality, With a smooth surface 
and high uni fo rmity, these special diamond micro-lenses offer a 
rangc of applications, especially when integrated with photonic 
and optoelcctronie devices to achieve required light manipula­
tion and directionality. 
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A.bstract 

The effect of Inductively-Coupled Plasma (ICP) etching on diamond using chlorine-based plasma has been investigated. The diamond mateIials studied 
include type lIa natural diamond, High Pressure and High Temperature (I-IPHT) diamond and Chemical Vapour Deposition (CVD) diamond. It was found 
that argon and chlorine (Ar/CI

2
) ICP plasma etching can improve the smoothness of the diamond surfitce. By using this method, a minimum root-mean­

squared (t111S) surface roughness of 0.19 nm has bcen achieved. To demonstrate optimized Ar/CI2 plasma etching, diamond spherical micro-lenses and 
tnicro-trenches were fabricated. Compared to argon and oxyge.n (Ar/0 2) plasma etching, Ar/CI2 plasma etching has a low selectivity with respect to the 
photo-resist mask, which enables an accurate contt'Ol over the dtmenslons of the mlcrostl1lctures fablicated. The slllface quality and profiles of these micro­
lenses and micro-01:nches were charactelized by atomic force microscopy (AFM) and were shown to be better than those fabricated by Ar/0 2 ICP plasma. 

@ 2008 Elsevier B. V. All rights reserved. 

KeYlllords: ICP elch; hlorine-based plasma; Micro-oplics; Surface smooth ing 

t. Int.roduction 

Diamond is an ideal material for optical applications due to its 
llnique propetties such as wide optical transmission b.a~1dwidth, high 
them1al conductivity and large refractive index. Addlttonally, WIth a 
Very high breakdown voltage and high canier mobIlity, [1] dIamond 
is also a promising semiconductor material for high power el~ctronic 
and optoelectronic devices. However, the pr?c.essmg of dIamond 
rema ins a substantial technical challenge, as It IS the hardest of all 
known materials and is extremely chemically inert. To date, the most 

I 
sllccessful approaches to etching diamo~d are based on dlY et~hing 
techniques such as Reactive Ion Etchmg (R IE), [2] InductIvely 
Coupled Plasma (ICP), [3- 6] Electron-Cyclotron Resonat~ce 
etching (ECR) [7] or focused-ion beam mi~ling [8]. The fabnca~lOn 
Of high quality of micro-lenses on natural dIamond uSII~g ICP AI/0 2 

Plasma was repol1ed recently by Lee et al. [4] a~d ChOl et al. [5] To 
fll rther develop and improve the fabrication of dIamond 1.11Icrostruc­
tllres so as to achieve high stl1lctural quality such as hIgh sUI.face 
silloothness and a better control on the microstructure dImenSIons, 
diamond ICP etching using different gas plasmas such as A riC 12 have 

• Corresponding author. 
E- I/Iail address: chee.leong.lee@strath.ac.uk (C.L. Lee). 

0925-9635/$ _ see rront malleI' 2008 Elsevier B.v. All ri ghts reserved. 
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been explored. Although Ar/C12 plasma has been employed to etch 
several hard materials such as Gallium Nitride (GaN) [9], Silicon 
Carbide (SiC) [10] and sapphire [11], to the best of our knowl­
edge, diamond Ar/CI2 plasma etching has not been previously 
rep0l1ed. 

In. this work, the effect of ICP etching with Ar/CI2 gas mixture 
on dIamond was investigated. The diamond materials studied in­
clude natural type lIa diamond, High Pressure and High Temper­
ature (HPHT) diamond and Chemical Vapour Deposition (CVD) 
dIamond. Our work shows that Ar/CI2 plasma etching is capable of 
surfa~e smoothing on HPHT diamond. Using optimized etching 
conditions of argon and chlorine (Ar/CI2) plasma, microstl1lctures 
such as micro-lenses and micro-trenches were successfully 
fab ncated on the natural diamond and CVD diamond respectively. 
Good control of the etching depth has been demonstrated, which is 
espeCIally critical for fabricating shallower diamond microstntctures. 

2. Experimental 

2. 1. Ch lorine-based (ArlCl]) plasma etching 

In order to fully understand the effect of Ar/CI2 plasma etch­
ing including etch rate, etch selectivi ty (defined as the ratio of the 
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diamond etch rate to the etch rate of photoresist) and surface 
root-mean-squared (rms) roughness of etched diamond, a series 
ofICP coil powers (100 W, 400 Wand 900 W) with constant ICP 
platen power of300 W was employed. The other ICP parameters 
used were: a chamber pressure of5 mTorr, flow rates of25 sccm 
for Ar and 40 sccm for C12. The etching duration is 3 min. 

The effect of Ar/Ch plasma on surface smoothing of dia­
mond substrate is also investigated. Four different HPHT diamond 
samples have been etched for different durations (5, 10, 20 and 
30 min). The ICP parameter used for this study were: a platen 
power of 300 W, a coil power of 400 W, a chamber pressure of 
5 mTorr, flow rates of 25 sccm for Ar and 40 sccm for Clz. 

2.2. Micro-lens and micro-structure fabrication 

To demonstrate optimized Ar/CI2 plasma etching, diamond 
spherical micro-lenses and micro-trenches were fabricated. Spher­
ical micro-lenses were fabricated by using photoresist reflow 
method [2,4,5,12]. Photoresist reflow method is a technique to form 
spherical microlenses. The basic principle requires exposing and 
developing photoresist to leave small pedestals. Once the pedestals 
have been fonned, the photoresist temperature is raised above its 
glass transition temperature (Tg) [12]. Above this temperature, the 
photoresist becomes liquid, flows and the final form taken is 
detern1ined by the surface adhesive forces, surface te~sion, and .the 
internal modulus of the photoresist [12]. To fonn mlcro-sphencal 
lens in our work a 7 11m thick layer of Shipley SPR220 photoresist 
Was first spin-co~ted onto the diamond substrate which is a circ~lar 
natural type IIa diamond of 4 mm diameter. After mask patternmg, 
the photoresist pillars were formed. The substrate was ~hen. placed 
on a hotplate at 125 DC for 2 min to allow the photoreSist pillars to 
re-flow. Due to the surface tcnsion, sphcricallcns structures were 
fonned. Thcse lens structures were then transferred onto the 
diamond substrate by ICP etching using Ar/CI2 plasma. The ICP 
parameters used were: a platen power of 100 W, a coil power of 
400 W, a chamber pressure of 5 mTorr, flow.rates of25 .sccm for 
Ar and 40 sccm for CI" with an etching duratIOn of25 mm. A low 
platen power of I 00 W was used here so as to avoid resist burning 
during long time etching. The rcsul~ing surfa~e profiles of the 
micro-lenses were evaluated by atomic force microscopy (AFM). 

Micro-trenches with different dcpths were fabricated by ICP 
etching on a 7 mm x 7 mm polycrystalline CVD diamond. The 
ICP parameter used were: a platen power of300 W, a coil power 
of 400 W a chamber pressure of 5 m Torr, flow rates of 25 sccm 
for Ar and 40 sccm for C12. Under these conditions, the etch rate 

Was measured to be 1.0 nm/s. 

3. Results and discussion 

3.1.' Chlorine-based (ArlCl2) plasma etching 

The diamond etch rate and etch selectivity of Ar/CI2 plasma 
as a function of the ICP coil power are plotted in Fig. l(a). It is 
Observed that the etch selectivity remains almost constant, re­
gardless of the ICP coil powers being appli~d. The etc~ rate, 
On the other hand, increases with the ICP COil power. ~t IS well 
known that the ion density increases with the ICP COIl power. 

Thus at a high coil power, more chlorine radicals are generated, 
reSUlting in a high etch rate. The etch results shown in Fig. 1 (a) 
also imply that the etch rate of photoresist increases with the 
ICP coil power owing to the fact that the etch selectivity remains 
almost constant. Similar behaviour has also been observed in 
Ar/02 plasma etching [5]. 

The surface rms roughness of as-received natural diamond 
sample was measured to be 1.1 nm for a 5 11m x 5 11m area. For 
the short duration of Ar/CI2 plasma etching (3 min), the rms 
roughness of the etched diamond does not vary greatly with the 
ICP coil power as shown in Fig. l(b), indicating the impact of 
the ICP coil power towards the surface rms roughness is not 
significant. 

To investigate the capability of Ar/Ch plasma etching in 
surface smoothing of the diamond substrates, four HPHT dia­
monds were etched and measured by AFM. Fig. 2(a) and (b) 
shows the three dimensional (3-D) AFM images of the sample for 
1 /-un x I 11m area before and after ICP etch using Ar/CI2 plasma 
for 10 min. It is observed that Ar/CI2 plasma is able to smooth the 
surface of the diamond substrate after 10 min of etching. The 
results on surface 1111S roughness for all the above samples were 
summarized in Fig. 2(c). It can be seen that the there is a 
significant reduction in surface rms roughness from 0.53 nm to 
0.19 nm after the HPHT diamond has been etched for 10 min. 
Extending the etch duration to 20 or 30 min does not improve the 
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Pig. 2. (a) AFM images of an as-received HPHT diamond, and (b) Ihe HPHT 
diamond etched by Ar/Cl , plasma for 10 min at anlCP plalcn and cO il powers of 

300 - . I (c) Surface nns roughness versus etch durallons 
Wand 400 W, respecll ve y. ' 

r 0 I d ' 111 ICP Ar/Cl, plasma. 
101' a I J.lmx 1 J.lm arca allcr elC le WI -

sUrface smoothness fu rther. The surface smoothing effect is pos­
Sibly due to the diamond isotropic etching. 

U d . tl conditions the etch selectivi ties on natural 
n el le same , 0057 d 0098 

diamond using ArlCI, and Ar/0 2 plasmas are. an . 
respectively. The etch -selectivity on H PHT diamond usmg Ar/CI2 

Plasma with the same ICP parameters has b~en deten11lned as 
0055 h' I . close to that on natural diamond. These re-. w IC 1 IS VCIY . . 
SUits show that under the same etch condi tions, the etch selectlvtty 

. ICI I lla is almost half of that 
On natural diamond usmg Ar 2 p aSI . 
b . H with the same thickness 

I 
Y lIsing Ar/0 2 plasma etchmg. ence, . .. . 

Of h ist mask the height/depth of the mlcrostluctures 
p otores , . A 'ICI lasma 

fabricated in diamond such as micro-lenses usmg I 2 P 

etching is only half of those fabricated by using Ar/0 2 plasma. 
The low etch rate and etch selectivity will enable a good control 
on the etch depth of the microstl1lcture fabricated. 

To fab ri cate the shallower features in diamond, either a thin 
photoresist mask or etching with low etch selectivity should be 
adopted. Furthermore, for the fabrication of some shallow struc­
tures, only the technique with low etch selectivity is suitable. 
For example, in the case of micro-lens fabrication, thin photo­
resi t pillars with large diameters (> 50 ~1I11) are not able to f0n11 
good micro-lens patterns by the rcflow method, which 
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Fig. 3. (a) Oplica l image of arrays of natural diamo nd micro- lenses wilh different 
diamelers, and (b) ArM 3-D image of a nalural diamond micro-lens with a 
diameter or 50 rlln , (c) Measured and fill ed surface profi les of Ihe micro- lens 
shown in (b). 



c. L. Lee et al. / Dialllond & Related Materials 17 (2008) 1292- 1296 1295 

. _ 3 D' f'CYD dl'amond micro-trcnchcs with a width of 2 fun 
Fig. 4. AI' M - Images 0 ' 
and depth of 16 n111 (a) and (b) 53 n111. 

. d d bl by consl'dcring thc ratio of the height to the IS un erstan a e . ' 
d· f tl lotoresist piJlars For such thll1 photoreSIst lameter 0 le pl' . 

' 11 'tl I 'ge diameter the surface tensIOn of the pI aI's WI 1 a al , . . 
h 

.' t hl'gh enough to form sphencal photoreSIst p otoreslst IS no . ' 
I TI t:': 'n order to fabricate thlll complicated features enses. lerClorc, I . 
. d' d t I technique such as Ar/CI2 plasma etchlllg 
111 lamon , an e c 1 

with low etch selectivity should be used. . 
Fig. 3(a) is an optica l image of the micro-lens arrays 111 a type 

II . I d· d Wlll'ch were fabricated by Ar/Ch plasma a natura lamon , . 
etching. A three-dimensional AFM image of a representatIve 

d
· d' I s I'S shown in Fig 3(b). The surface dIameter lamon mlcro- en . 

and height of this lens were measured to be 50 f-lm and 0.75 f-l111 
. I Th AFM measurements show that the surface rms respectlvc y. e ' . 

roughness of the diamond micro-lenses IS less than 1 .. 0 nm for a 

d f 5 111 
X 5 11m These results confilm that the 

scanne area 0 f.l r- ' 

d· dItched by Ar/Cl 2 plasma are smooth and have a lamon en es e . ' 
b I'ty tl t'lle diamond micro-lenses fab ricated by uSll1g etter qua I lan , h 
ArlO, plasma etching, which has the surface rms roug ness 
of le;s than 3 nm for a scanned arca of 5 f-lm x 5 f-lm [4]. T.he 
profile of the diamond micro-Icnses was rcvlCwed by examll1-
. . I f the AFM imagcs. The measured 
IIlg thc cross-scctlOna scan o ' . 

. I . fil of a diamond mIcro-len and the fitted cross-scctlOna PIO I e 
h 

. I fil . lotted in Fig 3(c). It can be seen that the p crlca pro I c at e p . . . . h 
difference bctween two profil es is very. smaJl , II1dlcatll1g t ~ 

. I 'ofi le of the micro-lens IS very close to sphel-cross-sectIOn a pI 
ica l in shape. 

Again, using Ar/CI2 plasma etching, diamond micro-trenches 
with different depths (i.e. 16 nm and 53 nm) were successfully 
fabricated on the polycrystalline CY D diamond. 3-D AFM 
images of these micro-trenches arc shown in Fig. 4(a) and (b). It 
is observed that these micro-trenches have a well defined width 
of 2 f-lm . In addition, the trench depth is consistent with that 
estimated from the etch rate (i.e. 1.0 nm/s), demon trating a 
good etch controllab ility of the Ar/CI2 plasma in the fabrica­
tion of haJlow diamond microstructures. The AFM measure­
ments show that the etched bottom surfaces of the micro­
trenches are quite smooth . The measured I'm roughnes es are 
0.9 nm and 0.7 nm for the micro-trenches with the depths of 
16 nm and 53 nm respectively. The surface rms roughness of the 
as-received sample was 1.0 nm. The rms results show that Ar/Cl 2 

plasma etching would slightly improve the surface rms rough­
ness due to the short duration of etching. 

The etching mechanism of SiC in Ar/CI2 plasma has been 
reported by Jiang et. aJ. [10] and is shown as follows: 

SiC + CI2-+SiCI + CCIr (I) 

Hence, one could anticipate that the etching mechanism of 
the diamond in Ar/CI2 plasma to be: 

C + CI2-+CClx (2) 

During the process, AI' ions are used for sputtering diamond 
surface and hence enable the chemical reaction of the chlorine 
ion with the carbon atoms to form the etch products of CCI". 
The etch product, CClx, has been fo und to be volatile [10] and 
thus is pumped out during the etching process. 

4. Conclusion 

In summaty, Ar/CI2 plasma was proven to be able to etch 
diamond. Our work demon trate that the Ar/CI2 plasma 
etching has the capability to smooth the surface of the HPHT 
diamonds after 10 min of etching, with the reduction of nns 
surface roughness from 0.53 nm to O. I 9 nm, demonstrating the 
etch to be isotropic. 

The etch selectivity using Ar/CI2 plasma is found to be only 
half of that by using the Ar/0 2 plasma, which enables a good 
control on the height of the microstructures fabricated. Using 
optimized conditions, the micro-lens pattern was transferred 
onto the natural diamond and micro-trenches with depths of 
16 nm and 53 nm were fabricated on the CYD diamond. The 
surface quality and profiles of these micro-lenses and micro­
trenches were characterized by atomic force microscopy (AFM) 
and were found to be better than those fabricated by Ar/02 ICP 
plasma. 
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Abstract: We report a 1.055-llm microchip VECSEL array which uses a 
micro lens-patterned diamond both as a heatspreader and as an array of 
concave output mirrors. This configuration, which is suitable for laser array 
operation, is here exploited to perform a systematic study of a set of 
microchip lasers with the same semiconductor structure but different cavity 
properties. The transverse mode selection of individual VECSELs is found 
to depend on the mode-matching conditions and on the micro lens aperture 
size. Mode-matched single-device emission in the fundamental mode 
(M2_1.1) with pump-limited output power of70 mW is demonstrated. 

©2007 Optical Society of America 
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Micro-optics. 
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1. Introduction 

Vertical-External Cavity Surface ~mittin¥ Lase!s (V~CSELs) have attracted a lot of attention 
lately because of attractive a~tnbutes including hlgh~power, circularly-symmetric output 
beams and versatility in operatmg ~a.velength. The main element constituting a VECSEL is 
the semiconductor active structure: It IS made by a q~ant~m well gain region grown on top of 
a distributed Bragg reflector (DBR). The .laser cavIty I.S usually .completed by an external 
mirror, or mirrors, separated. from the s~mlc?nductor chIp ~y ~n aIr-gap. Heat removal from 
the gain region is important In these deVIces m order to maxImIze the output power. One way 
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to do thi effi ciently is to capillary-bond a transparent high-thermal conductivity crystal as 
heatspreader on to the VECSEL surface [I]. As well a fac ilitat ing power-sca ling and broad 
wavelength coverage, thi s configuration has enabled a quas i-monolithic VECSEL format, the 
so-ca lled microchip VECSEL (Il-VECSEL) [2, 3]. In this parti cular case, the heatspreader is 
directly mi rror-coated on its outer surface , creating a plane-plane cavity. The 11-VECSE L i 
therefore an integrated version of the VECSEL with potential for vo lume production. 

One drawback of the Il-VECSEL is that the laser cavity is mainly stabilized by a thermal 
len appearing in the gain region when it is being pumped [4]. As the power i ramped up, the 
thermal lens effect increases and the fundamental mode spot size in the active region 
decreases. This means that mode-matching the pump to the fundamental laser mode is 
poss ible for one given power only and the output beam quality tends to degrade (due to the 
appearance of higher transverse modes~ as the ~ower !s va ried. T? overcome this problem and 
ensure stable fundamental mode operation, a microchip laser havlllg a plano-concave cavity is 
preferable [5-8], because t~e mode ize is then mainly determined by the phys ica l 
characteri stics of the co ld cavity. 

In this paper we demonstrate the operation and investigate the properties of an array of 
micro-lensed 11-VECSELs whose plano-concave cavities are obtained by micro-patterning a 
diamond heatspreader. This array geometry, also suited for laser array operation, is here used 
to perform a parametric study of the influence of the cavity properties on the performance of 
micro-lensed ~l -VECSELs. Section 2 of the present paper details the des ign and rea lization of 
the devices. In section 3 we repOit the experimental study of a single Il-V ECSEL, i. e. when 
onl y one element in. an array is probed a~ on~ tin~e . Finally, Section 4 is devoted to the 
analys is of the expenment~ 1 results. At~entlon IS paid to the mode-matching conditions and 
aperture losses in the se lection of the laslllg modes. 

2. Device design and fabrication 

The 1055-nm-emitting micro-lensed 11-VECSELs under study are constituted of a 
semiconductor part liquid-ca pill a ri~y bonded to a single-crystal diamond heatspreader, whose 
outer surface has been shaped II1to ~n array of spherica l micro-lenses ( ~l - Ie n ses) and 
subsequently mirror-coated. T~le sel11lconductor structure includes 10 InGaAs strain­
compensated QWs (one ~er a ntll1~de) gro~n .on top o~ a 3 0.~-pa ir AIAs/Alo.2Gao.sA DBR. 
The micro-Iense are fabncated uSll1g the res lst-reflow techl11que followed by a inductively 
coupled plas ma etching using Ar/0 2 [?J. TI~e l ense~ obtained are accurately spherica l with a 
rms roughness less than 3 nm [9]. A SI02/TI02 coatlllg with nominal peak refl ectivity of 95% 
at 1.055 ~1I11 , anti-refl ection at 808 nm, was deposited onto the diamond outer surface in order 
to create the concave output couplers. A schematic of an individual plano-concave 
11-VECSEL cavity is shown .in Fig. I. Fig. 2 ~how~ a picture of the final ~l -VECSEL array, 
where di fferent Il - Ie nse~ (a.ctll1g as conca~e 111ICr0l11lr~o rs) , having a diameter d ranging from 
10 to I 00 ~lm , are dl stnbuted over different sections of the array. The other devices 
parameters (as shown in Fig. I) are t - 250 11m, h - O. 75 ~lm and the micro-lens radius of 
curvature R is given by R = (d 2 + 4h

2
) /(8h). 

Dielectr IC DBR- -'--''--

Diamond 

{ 

Ampillying 

SemlconductOf medIum - •• I--------~ 
DBR-'- Substrate 

Fi g. I. Schematic of an ind ividuUIIl-VECSEL. Fig. 2. Picture of the Il-VECSEL array. 
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3. Single ~I-VECSEL experiment 

In this section, we study the characteristics of individual ~l-VECSELs having different lens 
diameters. A schematic of the experimental set-up is shown in Fig. 3. The ~-VECSEL array is 
directly mounted on a copper holder held at 10°C. The holder is fixed on a XYZ translation 
stage for alignment. The device is pumped, through the heatspreader, wi th polarization­
coupled 810-nm diode la ers. The pump beam, with up to 210 mW of average power, is 
delivered using a 15-mm focal length lcns (NA- 0.25), yield ing pump spot size in the 13-30-
~lln range. As can be seen in Fig. 3, the ~-VECSEL signal is separated fro m the pump by the 
use of a dichroic mirror followed by a high-pass filter. 

81().nmLD 
... 81().nmpump 

-> 1055·nm Signal 

~-j"4d---I<;:-, ... -+- -Q[ VECSEL 

Detection I 
AnalYSIs 

Hlgh·pass filter 

Fig. 3. Left: Ex perimental set-up. Ri ght: schema tic or the single fj-V ECSE L prob ing. 

The equiva lent plane-plane ~-VECSEL i characterized first by probing a region with no 
lenses (such a region can be seen at the bottom centre of Fig. 2) . Figs. 4 (a) and 4 (b) show the 
results. A 25-mW threshold and a pump limited output power of 60 mW are fo und. As 
expected [4], the M2 varies with the power indicati~~ that the mode-matching condition 
changes with the power. At 50 mW output power the M- IS 1.9. 

I '" ~ .. 20' • Data 50 mW 
11. • Da ta 5 mW 

50 

i' _'10 

£40 l140 

[ .. . :e 120 

~ 100 

- M2· 1.5 

- M2c1.9 

}20 J 10 

10 
10 .. ' .. 
• 0 50 100 100 20. 

20 

• • 10 12 U 
Pump pow., ImWJ Diltlnce {mm] 

Fig. 4. Plane-plane ~l VECSEL (a): Output power transrer runction (b): M2 measurements. 

Micro-lensed ~l-VECSELs wi.th lens diameter d of 90, 75, 50 and 42 ~lm, respectively, 
were then measured. For each deVice the output power transfer function , the spectrum and the 
M2 of the output beam were recorded. The r~s ults are summarized in Fig. 5. There is no large 
variation in the threshold value b~tw~e.n deVices. We can nevertheless observe that the 90-~lln 
device threshold is at 25 mW, whde It IS around I ~ mW for the others. The slope efficiency of 
the 90 75 and 50-~lln VECSELs IS 35%. The max imum output power for all device is limited 
by the' available pump power and is a ro lll~d 70 mW .for ?oth the 50 and 75-~m devices. It is 
slightly lower, 60 mW, for the 90-~m deVIce due to ItS hIgher threshold. The slope efficiency 
drops dramatica lly to -:- 15% for th~ 42-~1~ VECSEL and ~on equentiy the output power is 
limited to 25 mW. ThIS decrease III effiCiency can be attnbuted to both an increase in the 
mode-mismatch and in the aperture losses (see nex t section). We can further note that 
~l-VECSELs w~th lowe~ lens diameter.s (down. to 10 ~m) did not lase. These achieved power 
level are consIstent wIth prevIous Imcro-cavlty laser reports [2, 3, 5]. The absence of roll­
over and the low device therma I res istance, measu red to be 140 Kim W, demonstrate the 
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effective heat sinking provided by the diamond heatspreader and suggest that single emitter 
operation with output powers greater than 100 mW would be achievable. A detailed report 
and analysis of the latter effects will be presented elsewhere. 

An example of M2 measurements for the 90-f.lln f.l-V ECSEL is shown in Fig 5 (c), while 
results for all devices are plotted in Fi g. 5 (b). The ~1 -VECSELs operate in the TEMoo mode 
with M2 < 1.3 for lens diameter above 75 flm (M2 - 1.1 for the 90- ~lln device). The 50 -~lm 
fl-V ECSEL has a device M2 - 2.8. The 42-flm has a lower M2 of 1.6. This can also be 
explained by the increas ing aperture losses filtering out the highe t order modes. Unlike the 
plane-plane case, M2 va lues are found not to vary significantly with the power. 

In Fig. 5 (d), spectra for the 90, 50 and 42-~lm ~1 -VECSELs at their respective full powers 
are plotted. Depending on the operation conditions, the spectrum consists of one or several 
peaks (separated by 0.9 nm) repl:esenting the longitudinal modes. The spectrum is similar for 
other devices, except that satelltte peaks, due to the presence of transverse modes [6], are 
present in the 50-flm fl-VECSEL case. 

.. 
!E" .. 
oS 
t " 
J 
8. " 
1 ,. 
:; 
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___ d:zgOjlm 

~d:751Im 
-6- d-SO,,111 
-.- d- 42" m 

O~o~~"----'~M--~' ''~--'~OO-­

, .. I 
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,m 

• 

" 

• 

• • 
50 10 10 10 to 

Mlcrolenl dIameter him] 

- 42 .pm J2'mW 
- 50-Jim I 65 mW 
- 90-llm 160 mW 

Fig. 5. (a): Devices' power transfer functi ons, (b): summary of M2va lues, (c): Examples of Ml 
measurements for the 90 I-Im device. Inset: beam image at full power, (d): Spectrum at full 
power of the 90-l-Im, 50-1-1'" and 42-~t", devices. 

These results show that plano-concave cavities can be a solution to ensure stable 
single-transverse mode las ing in ~l-VECSELs at power levels of several tens of mW. 

4. Micro-lensed I-'-chip analysis 

The previous results concerning the mode sel~c~ion and evolution with d can be explained as 
the combination of two phenomena: the vanatton of the mode-matching condition and the 
aperture losses. Given the mic.ro-Iensed 11-VECSEL parameters, the fundamental mode size in 
the ga in region, i.e. at the selntconductor plane, can be lI1ferred by: 

[
/..1, ~]~ 

Wo = - "" 11 R - 1 
117r 

(1 ) 

In Eq. ( I), A. is the wavelength in v~cuum, 11. is the heat preader refrac tive index (and for 
diamond at A. - I ~lln , 11 - 2.42) and R IS the radtus of curvature of the micro-lens. 
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Fig, 6, Funda menta l mode (2Q))) and pump (2~,) diameter evolution as a function of the lens 
diameter d (bottom axis) and of the radius of curvature R (top ax is) , 

From Fig. 6 we can see that the fundamental mode {j)o size increases with the lens 
diameter d (resp. R) and that a cut-off exists at d = 25 ~l1n (R - I 05 ~Lm) . The cavity is 
therefore stable only for d > 25 11m. For d varying from 40 to I 00 ~l1n (R - 267 to 1667 11m) 
the fundamental mode diameter ranges from 12 to 22.5 11m. The plano-concave cold cavity 
supports a wide range of transverse modes, which can be written in a basis of Hermite­
Gaussian or Laguerre-Gaussian modes (noted TEMmn where the fundamental mode is TEMoo). 
The number of modes that can lase depend fi r t on the overall gain seen by the different 
modes. Thi means that it depe~ds on the mode-matching conditions. If the pump pot size 
matches the fundamental mode stze, the laser operates mainly in the TEM oo mode because the 
higher order modes have a bigger spot size. On the other hand, if the pump spot is big enough 
to excite higher order modes, then. the laser tends to operate in a uperposition of modes. 

In our experiment the pump IS focused down onto a single array element through the top 
of the device. For a given focuser, the pun~p spot size that can be achieved on the ga in region 
depends on the fl-l ens focalle~gth, which Itself depends on the ~L - l en s diameter. The expected 
pump spot can be ca lculated If one knows the p~mp beam characteristics before the focuser 
and by considering the ~I-len s as a len of focal gIven by: fed) = R(d) I(n -I). We measured 
the pump beam to have a l/e2 radius of 1.25 mm and M2 - 1.6 right before the focuser. 
Results of the pump spot calculatIOns for a 15-mm focal length focusing lens are shown in 
Fig. 6 along with th~ fU ~lda.menta l spot size. A mi~im~m pu~p spot size smaller than the 
fundamental mode size II1dlcates that mode-matchll1g IS possible by simply changing the 
position of the ~ocus with ~espec~ to the ~L-~ECSEL. We can see ~hat in our case, mode­
matching is possible for deVices With ~L-l ens diameter above - 65 ~Lm (I.e. R > 705 11m). Below 
this value the pump spot is wider than the fundamental mode, which favors the excitation of 
higher transverse modes. This effect explains why the M2 sho?ts up to ?lmost 3 for d = 50 11m, 
while it is below 1.3 for d equal or above 75 ~l1n (see prevIOus sectIOn). However another 
factor is responsible for the improvement of the M2 recorded at d = 42 11m. ' 

Due to its finite transver e size, the concave mirror (i .e. the ~L-lenses) also acts as an 
aperture and introduces a certain amou~t of loss. for the transverse mode . To illustrate this 
point, we plot in Fig. 7, f~r a few Henmte-~auss lan modes,. the losses L due to the refl ection 
on the concave mirror. ThiS was done by takll1g the overlap II1tegral of the mode power over a 
circular aperture and dividing it by the total power can'ied by the mode. 
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In Eq. (2), Hili and HII are the Hermite polynomial of order 111 and n respectively, x and y are 
the spatial Cartes ian coordinate. Here, OJ is the fundamental mode radius at the aperture 
plane and can be deduced from OJo using the standard Gaussian propagation formula. The 

denominator of Eq. (2) is equal to [10]: (2m m! .JJr)(2" n! .JJr )w2 / 2. The results are shown in 

Fig. 7. 
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Fig. 7. Aperture losses ora few Hermite-Ga ussian modes refl ecting on oncave micro-mirrors. 

The losses increase for decreas ing mirror diameter, i.c. aperture. Losses are higher for higher 
order modes because of their bigger size. The aperture of the concave mirror therefore acts as 
a filter for the higher order modes. This feature can be interesting in order to reduce the 
number of ~L-VECSEL transver e modes when the condition of mode-matching is not 
fulfilled . It explains the improvement in the M2 and the cleaner optical spectrum (see 
Fig. 5 (d)) at d = 42 ~L1n (when compared to d = 50 ~L1n) even though the mode-mismatch is 
wor e for thi s device. However, TE~oo losses need to be kept at a minimum and con equently 
the ~I - Ienses aperture needs to be wIde .enough to accommodate the fundamental mode. Please 
note that Fig. 7 represents the losses mcurred by the mode for one reflection. However, the 
las ing modes experience many round-trips in the cavity and the aperture effect is exacerbated. 
In consequence, such ~l -VECSELs with ~I- I en s diameter below 30 ~Lm are too lossy to reach 
lasing threshold. . 

The combination of the two phenomena dIscussed above is believed to be the cau e for 
the dramatic decrease in the slope effic iency at low d recorded in section 3. 

5. Conclusion 

In this paper, we have. reported th~ demonstra.tion of monolithic micro-lensed ~L-VECSELs. 
The devices were fabncated by ITIl cro-p~tternlllg a. dIamond heatspreader in a Il-Iens array 
format. The heatspreader was then hIgh-refl ectIon coated and capi llary-bonded to a 
semiconductor DBR-active region structure to create the ~l-VECSEL array. We have studied 
the importance of mode-matching the pump beam and of the ~l-lens aperture in the selection 
of the lasing modes. Mode-matched ~l-l ensed 11-VECSELs were found to address the main 
issue of plane-plane ~L-VECSELs, by ensuring s~able fundamental mode emiss ion. Pump 
limited output power up to 70 mW and .slope effiCIency of 35% were reported. Higher pump 
power should readily enable t~ese devlce~ to reach powers a.bov.e 100 mW. Increa ing the 
micro-lens radiu of curvature m order to mcrease the mode sIze m the active region should 
allow the use of higher power pump laser. This, in conjunction with the mode diameter 
increase, should yield microchip devices emitting several hundreds ofmW in the fundamental 
mode. 
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Abstract: We demonstrate the use ofa High Reflectivity Grating (HRG) as 
an intra-cavity element in a Semiconductor Disk Laser (or Vertical External 
Cavity Surface Emitting Laser) to stabilise its emission wavelength and 
polarization characteristics. Operation at I058nm with up to 645m W of 
pump-limited output power and an M2-IA is achieved. We also show that 
this scheme permits tunable single-frequency operation. 
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1. Introduction 

Semiconductor Disk Lasers (SDLs), also known as Vertical External-Cavity Surface-Emitting 
Lasers (VECSELs), are attractive diode-pumped semiconductor lasers which combine 
remarkable wavelength versatility with the operational flexibility afforded by an open-access 
cavity configuration [I]. Watt-power-level demonstrators, of fundamental emission ranging 
from 640nm to 2.4l1m and frequency-doubled operation in the visible and ultra-violet, show 
the potential of these sources for applicatio~s ~uch as laser projection displays, reprographics 
and printing, spectroscopy and telecommUnIcatIOns [I -6]. 

Emission with stable linear polarization and single spatial and longitudinal mode outputs 
is crucial to many of these applications and has thus motivated investigations on stabilization 
techniques. To-date, high-power (> 100m W), narrow-Iinewidth operation of semiconductor 
disk lasers has mainly been obtained by using intra-cavity birefringent filters [2-5] or by 
exploiting the Fabry-Perot characteristics ofa thin intracavity heatspreader [6]. An alternative 
but very attractive approach is to exploit intra-cavity grating-based techniques, as they readily 
offer large tunability with high spectral purity [7] and are better suited for use in compact 
geometries in particular when using micro-electro-mechanical integration [8]. However, 
because of the inherent low gain of SDLs, the implementation of such techniques has only 
been made possible by the recent em~rgence of two types of gratings with peak reflectivity 
greater than 99%: volume Bragg gratmgs [9] and high-reflectivity gratings (HRGs) [10-11]. 
The former kind of grating has been shown to allow high-power narrow-linewidth operation 
ofSDLs [12] but lacked the linear polarization output. 

In this letter, we report in full the characteristics of a I060nm SDL which incorporates an 
HRG as an intra-cavity element. High-power, tunable, narrow-linewidth and polarization 
stable laser operation is achieved. 

2. Semiconductor structure 

The SDL epistructure, grown by Molecular Organic Vapour Phase Epitaxy, comprises a 30.5-
pair AlAs/Alo.2Gao.sAs Distributed Bragg R~fle~tor, an active region with ten strain­
compensated InGaAs quantum wells (Q~s) distrIbuted over ten antinodes of the standing 
wave pattern, an AlGaAs confinement wmdow and a IOnm GaAs cap to prevent oxidation 
[13]. A temperature-depend~nt back scattered photoluminescence (PL) study showed the 
maximum PL intensity is achieved for a temperature of 60°C suggesting an in-built offset of 
-4nm at 20°C between the quantum-well gain peak and cavity resonance. Thermal 
management of this semiconductor structure is obtained by liquid-capillarity bonding a 500-
11m-thick, plane-pl~ne, type-Ila n~tur~l diamond heatspreader to the epi-surface and 
subsequently mountlllg thiS composite III a brass-mount. The assembly temperature is kept 
constant using recirculating water at 10°C. 

3. High Reflectivity Grating 

The HRG used here is a resonant grating which exploits the proximity of a corrugation and a 
surface wave to achieve ~ high de~r.ee of polarization, incident angle and wavelength 
selectivity [10-11;14]. lt~ high reflectiVity and.very sh?rp wav~length selectivity result from 
the excitation of a TE-guldcd m~de o~ th.e mUltilayer mirror as III [II]. However, this effect is 
designed here to occur under obhque I?c.lde~ce rather t?~n surface normal illumination. 

The HRG was designed to exhlb.lt hlgh-reflect1V1ty at I058nm for a _7° angle of 
incidence. It was fabricated by first etchl?¥ an I8nm-~eep 5I8.6nm-period grating into a silica 
mirror substrate and subsequently de~osltlllg .successlvely a Si02/Ta20s guide and multilayer 
mirror by ion plating technolo~ which re~hcates the su~face morphology [II] as shown in 
the inset of Fig. lea). The gratlllg was obtamed by exposmg a 300nm-thick positive resist to 
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an interference pattern created by a 442 nm-emitting HeCd laser and subsequently transferring 
this pattern into the substrate by reactive ion etching (RI E). This fabrication sequence was 
chosen to minimize the loss by guided mode leakage [I OJ. 

Polarization-resolved transmission spectral characteristics of the HRG were measured 
using as a source the amplified spontaneous emiss ion of an Vb-doped singlemode fibre 
collimated into a 4mm-diameter beam and on the detection side an optical spectrum analyzer 
with 0.06nm resolution. Fig. I (a) shows the results when the component is illuminated at 
7.64 ° of incidence. As expected, the characteristics show a broadband refl ection of about 91 % 
with ripples due to the uncoated, polished back surface of the 6mm-thick silica substrate. The 
TE-polarized refl ection presents the desired additional narrow peak «I nm halfwidth) of 
reflectivity>99%. The latter feature is expected to ensure both wavelength and polarization 
se lectivity once the grating is inserted in the laser cavity. Temperature assessments indicate 
that the wavelength corresponding to the peak reflectivity varies at a rate of 0.06nm/K. 
Angular characterization (see Fig. I b) shows that the HRG peak shifts at - 5nm/degree for 
angles greater than 6.5° and di sappears for low angles of incidence (absent at 0°). 
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Fi g. I. (a) HRG reHecti vity curves for 7.64° incidence angle. Inset: Atomic Force Microscope 
image of part of the HRG top surface (b) Angular dependence of the HRG TE- reHectivity. 

4. Laser Operation 

4. J Cavity Setup 

A four-mirror laser cavity was setup (see Fig. 2) with the HRG positioned at one of the folds 
of the cavity with the etched grooves oriented vertically (i.e. out of the plane of the figure). 
The curved mirror of radius of curvature R= - I OOmm was positioned - 57mm away from the 
semiconductor chip and - 304mm away from the HRG. The planar HR mirror was placed 
37mm away from the HRG . Cold-cavity calculations using Winlase™ show that, for a 7° 
angle of incidence, the vertica l and horizontal laser mode sizes at the HRG are respectively 
177~m and 209~m and are close to the mode matching condition at the semiconductor wafer 
for the -80~m-diameter pump spot size obtained by relaying up to 9.8W of the output of a 
100~m-core fibre-coupled 808nm-diode array using a 14mm/8mm collimator/focuser. 
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4.2 Operation IIsing conventional Oil /put cO llpling mirror 

The laser performance was initially assessed using the cavity of Fig. 2 but with conventional 
plane output coupling mirrors instead of the HRG. The output power measured at the output 4 
of the laser under maximum pumping conditions (Pp=9.8W) is optimum for a mirror of 97% 
refl ecti vi ty as shown in Fig. 3(a). The recorded power transfer (Fig. 3a) indicates a threshold 
of O.865W, a maximum output power of 824mW and a slope efficiency of 9.2%. It should be 
noted that the output 3 of the laser shows power performance similar to output 4 and that the 
max imum power achieved is mainly limited by the evolution of the slope efficiency with 
output coupling. As illustrated in Fig. 3(b) , this gain-controlled operation is characterized by a 
multi-peaked spectrum with a peak-to-peak separation of O.4mn corresponding to the diamond 
eta lon and shows a thermally- induced redshift of 0.42nm/W. The laser emission wa found to 
be ci rcularly polarized, a state attributed to undesirable birefringence of the heatspreader [15] . 

Output Coupler Reflectivity 
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Fig. 3. (a) Power transfer (Ror=97%) and (b) spectral characteri stics of the SDL using 
conventional out put couplers. The pink star corresponds to the best laser results ob tained when 
using the HRG intra-cavity (see nex t secti on). 

4.3 Operation with the high reflectivity grating 

To evaluate the impa.ct .of the HRG ?n the laser performance, we recorded the laser spectral 
and power charactenstlcs. for a vanet~ of angles of incidence (5 .98 to 9°) on the HRG, 
rotating the flat HR end-mirror appropnat~ly for feedback. Fig. 4 summarizes the main tuning 
characteristics of the laser: threshold , maximum. output power and the minimum pump power 
required to have the source to operate at the gratmg peak wavelength. 
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Fig. 4. Tunabi lity chamcteristics or the SOL with intra-cavit y HRG. The laser emission 
wavelength correspond ing to particular incidence angles are given below. 

The observed behav ior can be divided into three di tinct regions «(X~6.36° , 
6.360<(X<7.640 and 0>7.64°) and can be simply explained using the convolution of the 
spectral responses of the ga in region and of the HRG . For 6.36°<(X<7.64°, the ga in peak and 
HRG peak refl ectivity are close ly matched, and grating-controlled operation is achieved from 
threshold to the maximum ava ilable pump power. In this regime, the grating sets the 
wavelength (see Fig. 5(a)) and polarization of the laser. Emiss ion with up to 645mW of output 
power (see Fig. 6) at output 4 ~see. Fig. 2~, an ~2_ 1.4 ~measured for 500mW of output) and a 
linear polarization (13: I polanzatlOn ratIO) aligned with the grooves of the grating (±2°) is 
demonstrated in this configuration. F~r (X~6.36° , grating-controlled operation is not possible, 
an observation consistent with the disappearance of the HRG narrowband refl ection feature 
for low angle of incidence, further enhanced by the relatively small beam size at the grating 
plane used here [16). For 0>7.64°, the grating peak wavelength redshifts away from the 
wavelength corresponding to the .max imum gain of the active region (- I054nm under 
max imum pump power) , the n~axlmum output ~ower decreases and the minimum pump 
power required to reach the gratlll g-controll~d regime (see represented by triangles in Fig. 3) 
increases sharply. From the above, the combilled wavelength nilling span achieved in grating­
contro lled tunable operati.on (0)6.36°) is 15nm with an upper limit of I064nm (see Fig. 4) . 
Though only discrete tU~lIl g at the .wavelengths con'e~ponding to the diamond etalon modes 
was ach ieved here, contllluouS tunlllg should be po sible provided an anti-reflection coated 
wedged diamond is used ins te~d of the plane-plane heatsprea.der [1 7]. 

However, there are subtleties III t~e. l as~r behavl?r (see Fig. 4, 5(b) and 6) which originates 
from the fact that HRG base refl ectivity IS not qUite low enough to prevent gain-controlled 
operation in all conditions. In particular, the latter regime of operation is achieved for ~6.36° 
i.e. when the HRG narrow refl ection pea.k is absent. Similarly, for 0>7.64°, and as shown in 
Fig. 5b, there is a transition from ~he galil-contr~lIed to the grating~controlled regime which 
refl ects the change In the maximum net ga lll as the pump IS increased i.e. as the 
semiconductor-chip ga in broadens and shifts towards longer wavelengths. 
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Fig. 5. Laser spectra l characteristics for an incidence angle of (a) 7.64°, (b) 8.26° and looe 
water cooling. The spectra are deliberately vertica ll y offset by 30dB for improved visibility 

The power transfer characteristics corresponding to the three regimes described above are 
provided in Fig. 6. It should be noted that the slope efficiency measured between I to 4 Watts 
of pump power is greater for grating-controlled operation (a=7 .64°) than for ga in-controlled 
operation (a=6.36 and 8.26°). This is consistent with the over output coupling occurring when 
the laser operates on the HRG base reflectivity (see Section 4.1). To evaluate the effective 
refl ectivity of the HRG at its peak wavelength, we measured the output powers of the 5 
numbered output beams (see Fig. 2) whilst the laser was operated in grating-controlled mode 
(a=7.640). The obtained va lues (P1 = 1.1 3mW, P2=O.89mW, P3= 11 6mW, P4= I02mW and 
Ps= I.22mW, respectively) confirmed the refl ectivity of the HR mirrors to be of 99.9% and 
revealed that the peak refl ectivity of the HRG was of 94.8%. The discrepancy between the 
latter figure and the maximal reflectivity mea ured with the transmis ion experiment (see Fig. 
I) is believed to be due to the influence of beam aperturing effects occurring for small 
« 200llm-diameter) beams [1.6] .. With this eva luation, it can be observed from Fig. 3(a) that 
spectral narrowing does not stgntficantly affect the laser performance. 
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Fig. 6. Laser power transfers recorded for 3 angles of incidence representative of the three 
respecti ve regimes of operatIOn. 

To investigate ~rther the quality o~ the spectral output in the grating-controlled regime, 
we performed a det~ Ii ed spectral an.alysts of the laser output where the incident angle on the 
grating is of 7.89° I.e . the. laser e~tts at I060.24nn~. For 200mW of output power, the scan 
obtained with a commerctal scanntng F~bry~Perot mterferometer with a I GHz free spectral 
range shows (see Fig: 7(~)) a measured I.mewtdth of - 90MHz with no feature appearing at the 
375 MH z inter longltudmal. m~de spaclllg of our 398mm-long cavity, establi shing that the 
laser emiss ion is single longltudlllal mode. 
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5. Conclusion 

0.009 

We have explored the use of a high reflectivity grating (HRG) as an intra-cavity element in a 
semiconductor di sk laser to obtain high-power narrow linewidth operation with stable linear 
polarization. In patticular, it has been established that when the grating peak refl ectivity is 
clo e to the ga in maximum, grating-controlled operation with output power up to 645mW and 
M2- lA was achievable u ing th is technique. Finally, we also showed that the cherne was 
suitable to rea lize single-frequency tunable operation by demonstrating singlemode emission 
at I060nm with 200mW output power and tunability over 15nm by simultaneously rotating 
the HRG and an end mi rror. 
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Abstract 
We report for the first time a UV curable polymer with effective optical transmission below 
300 nm. Through careful control of kinetics, various viscosities can be generated to optimize 
the film forming properties via spin coating. The transmission of the monomers and films is 
investigated over a spectral range which spans the 240-370 nm output of ultraviolet AlInGaN 
light-emitting diodes. The refractive index of the polymer has been measured by ellipsometry 
to give a value of 1.57 at 280 nm. Using standard lithography techniques with reactive ion 
etching, arrays of microlenses have been fabricated in this polymer with diameters of 30 /Lm 

and below and are characterized by atomic force microscopy and confocal microscopy. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

High-performance, deep ultraviolet (UV) light-emitting diodes 
(LEDs) based on AlInGaN alloys with emission in the region 
233-290 nm have recently been reported [1-4]. The creation 
of micropixellated LED arrays with emissions in the deep UV 
leads to new possibilities in terms of device applications and 
challenges in terms of microelectronic fabrication technology 
[5-8]. Deep UV-LEDs emitting below 300 nm can be used 
for photocuring of polymers used in UV photolithography, 
photo-activation of shape-memory actuators and in microscale 
reactors and devices for biosynthesis and microanalysis. The 
fabricated devices are delicate and are conventionally protected 
by encapsulation in a tin can with sapphire windows. For the 
microarrays to achieve their full potential it is desirable to be 
able to form microoptical components on the elements of these 
arrays. The processing requires that the material used should 
have characteristics which are compatible with the operation 
of the device and easily processed. Conventionally inorganic 
vapour phase deposited materials which are etched to give 
an appropriate structure have been used; however polymeric 
materials, if they have appropriate characteristics, could be 
an attractive alternative. The fabricated micro-array will have 

0022-3727/08/094007+07$30.00 

optical elements which need to be protected from solvent or 
mechanical damage. The light produced from multiquantum 
well (MQW) devices is highly divergent ("'75°) and it is 
desirable to shape the beam through the construction of a 
lens on top of the device. The lens should be constructed 
from a material which has little or preferably no absorption 
in the region of operation of the device. Materials such as 
quartz, sapphire and diamond have the required transmission 
characteristics, but are expensive and not easily used to 
form the required integrated optical elements [9]. The 
alternative approach is to use a polymeric based material. 
Polyethylene and polvinylidene fluoride have the required UV 
transmission characteristics but are not easily deposited on 
the microarrays. Acrylic based polymers are widely used in 
electronic applications and can be spin coated; however these 
materials lack transparency below 300 nm. 

The simplest approach to solving this problem would 
be to use a photolithographic material which can .be cured 
by microarrays to create the required optical elements. The 
deposited polymer materials can be used simultaneously as an 
optical element and encapsulate the device [8]. The monolithic 
integration of optical elements via the device being used to 

© 2008 lOP Publishing Ltd Printed in the UK 
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carry out the lithographic steps leads to a simple fabrication 

process. 
The challenge to materials is to create a photolithographic 

system which in its processed state has high UV transmission 
characteristics at "'240 nm. Conventionally, photolithography 
has been based on the use of the novolac epoxy system 
(e.g. SU-8 or Norland NOA63). These materials have 
the required processing characteristics but have significant 
limitations in relation to their UV transmission characteristics. 
The challenge addressed in this paper is the development of 
a system which in its processed state has the desired UV 

transmission characteristics. 
This paper presents for the first time a selection 

of photopolymerizable monomers and photocrosslinkable 
polymer materials that can be cured by UV activated photoacid 
generators (PAG) and are in the processed state transparent to 
the deep UV. These materials are easily shaped via standard 
lithographic processes [10] and can be self aligned with the 

microLED devices [12]. 

2. Basic photolithographic material 

Ideally the polymer created photolithographic ally should 
have a minimum absorption of UV radiation. Amorphous 
polyethylene has the required optical characteristics 'but does 
not have the desired processability. A monomer system 
which has a high aliphatic content yet retains the ability to be 
photoprocessed is 1 ,4_cyclohexanedimethanol diglycidyl ether 
(CHDG), which is a mixture of cis/trans isomers, figure l(a). 

(a) 
(b) 

Figure 1. Chemical structur~s of .the monomers: 
1,4_cyclohexandimethanol dlglycldyl ether (CHDG) (0) and 
trimethylolpropane triglycidyl ether (TMTG) (b) and 
triarylsulfonium hexaftuorophosphate salt (PAG) (c). 

A R Mackintosh et ol 

To improve the thermal stability of the matrix we also 
incorporate trimethylolpropane triglycidyl ether (TMTG), 
which having a higher functionality will aid network formation 
but still retain the simple aliphatic polymer backbone, 
figure 1 (b). Similar to the commercially available photoresist 
SU-8, conversion of the monomer to a stable thin film is 
achieved via cationic polymerization using sulfonium salts as 
photoinitiator. The photoinitiator used was a (50/50) mixture 
of triarylsulfonium hexafluorophosphate salt in propylene 
glycol, figure l(c). The propylene glycol acts as a stabilizer for 
the photoacid. Neither 1 ,4-cyclohexanedimethanol diglycidyl 
ether nor trimethylolpropane tiglycidyl ether has previously 
been used for photolithography. All the chemicals used were 
obtained from the Aldrich chemical company. 

Photoinitiated cationic photopolymerization involves 
opening of the epoxy (oxirane) ring with the creation of 
an aliphatic ether backbone and ultimately the formation 
of a cross-linked polymer network [13-25]. During the 
photopolymerization process, the (PAG) will undergo a series 
of transformation reactions, figure 2, ultimately leading to 
the generation of free acid which initiates the polymerization 
process [24]. 

2.1. UVabsorption characteristics of monomers and PAC 

In order to assess the spectral characteristics of the monomers 
and the PAG the absorption spectra were measured using a 
Varian Cary 300 UV-Vis spectrometer. Dilute solutions in 
acetonitrile and cyclohexane were created and measurements 
were made using quartz cuvettes with a pathlength of 10 mm, 
figure 3. It should be noted that polar solvents may evoke a 
hypso- or a bathochromic shift on the absorption spectra of the 
molecules under investigation. However, unpolar cyclohexane 
was chosen as the solvent for CHDG and TMTG. More polar 
acetonitrile was chosen to dissolve the PAG since it will also be 
in a polar environment, when admixed with the CHDGITMTG 
photoresist. This way sound absorption coefficients ofCHDG, 
TMTG and the PAG could be calculated. The PAG has a 
significantly higher absorption at the frequencies used for 
photol~tho~raphy, "'240-300 nm, than the monomer systems. 
The kmetlcs of the photoinitiated polymerization process 
have been studied using photodifferential scanning calorimetry 
(PDSC) and are described elsewhere [25]. 

The strong absorption occurring below 350 nm reflects 
the absorption of the conjugated aromatic entities and is 
associated with 1'(-1'(* transitions within the PAG molecule. 
For photoactivation to occur the system must be illuminated 
in the region of this absorption band. For the polymerization 
to be efficient, it is important that the monomer is transparent 

Figure 2. The photolytic degradation of triarylsulfonium hexaftuorophosphate. The spectral characteristics change after photoinitiation with 

a shift in the absorption to shorter wavelengths. 
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Figure 3. UV Absorption of PAG, CHDG, TMTG at different 
concentrations, pathlength IOmm. (0) TA-PF6 in acetonitrile: 
(solid line): 0.003 wt% (0.38 x 10-4 mol L- I), (dashed line): 
0.005 wt% (0.63 x 10-4 mol L- I), (dotted line): 0.008 wt% 
(1.00 x 10-4 mol L -I), (dotted-dashed line): 0.0 I wt% 
(1.25 x 10-4 mol VI), (b) CHDG in cyclohexane: (solid line): 
0.0001 mol L- I, (dashed line): 0.001 mol L -I, (dotted line): 
0.01 mol L -I, (dotted-dashed line): 0.02 mol L -I, (c) TMTG in 
cyclohexane: (solid line): 0.0001 mol L -I, (dashed line): 
0.001 mol L -I, (dotted line): 0.01 mol VI, (dotted-dashed line): 
0.02 mol L -I. 

Table 1. Molar absorption coefficients (mol-I Lcm- I) for the PAG, 
CHDG and TMTG at three wavelengths. 

Wavelength PAG 
(nm) (TA-PF6) CHDG TMTG 

260 8476 ± 64 2.090±0.141 1.264 ± 0.238 
290 10831 ± 87 1.583 ± 0.249 0.511 ± 0.076 
368 67 ±29 0.434 ± 0.065 O±O 

at the wavelength used for activation of the PAG. Plots of the 
logarithm of the absorption coefficient versus concentration 
were shown to be linear and to conform to the Beer 
Lambert law: 

IOg(:~)=-8'C'I' (I) 

where 10 is the initial intensity and It is the transmitted 
intensity, 8 is the molar extinction coefficient, c is the 
concentration and I is the path length. Values of the molar 
extinction coefficients are presented in table 1. The values 
of 8 are a factor of '" 1 03 greater for the PAG compared 
with those for the monomers. The differences in the spectral 
characteristics of the CHDG and TMTG reflect the effects of 
the differences in the dielectric permittivity of the liquids on 
the ease of spectroscopic transition. 

2.2. Determination of optical and viscosity parameters 

The absorption characteristics of a mixture of 1 wt% of PAG 
in CHDG were investigated as a function of exposure time, 
figure 4. The films were exposed to 368 nm UV irradiation 
from a broad area UV lamp of 6mWcm-2

• The decrease 
in the peak intensity at "-'320 nm over time is indicative of 
the photobleaching of the system due to the consumption of 
the PAG. 
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Figure 4. Changes in the absorption coefficient with exposure time 
for a I wt% of PAG in CHDG exposed at 25C. 
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Figure 5. Viscosity against shear rate of the monomers blends and 
a prepolymer at 25 'C (key: 100% pre pol (_), 75% pre;oI!25% 
TMTG (e), 50% prepol/50% TMTG (&), 25% prepol175% TMTG 
(T), monomer TMTG (.), monomer CHDG ("')). 

. . In ord~r to be able to use these systems to create thin films 
It IS esse~tl~l that the resin should have the correct viscosity 
charact~nstlcs [26]. In order to achieve control of the physical 
~r~pertle.s of the thin films formed during photolithography 
It. IS desl~able to be able to adjust the proportions of the 
dl and tn .functional monomers in the resin. Changing 
the ~roportlOns of these components will not only alter the 
ph~slca.l p~operties of the final films but will also influence 
their spInn.Ing characteristics through changes in the viscosity 
Of. the reSin. The viscosities of the resins were measured 
USing a C.SL-2 TA rheometer, using a 4 cm parallel plate 
configuration and a 200!Lm gap. The measurements were 
per~o~m~d at 40°C. The simple monomers and their mi~tures 
exhibit Viscosities which are independent of shear rate, figure 5, 
the val.ues of the viscosity changing with the composition of 
the reSin ~lend. In addition to the pure monomer components 
a polymenzed form of CHDG was synthesized, which exhibits 
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Table 2. Glass transition temperatures of the CHDGfTMTGE blends. 

Blend 
composition 

CHDG 
100% 

CHDGfTMTG 
60/40% 

CHDGfTMTG 
40/60% 

CHDGfTMTG 
20/80% 

TMTG 
100% 

30.2 ± 2"C 34.2±2 C 35.3 ± 2"C 40.7 ± 2C 48.6 ± 2 u C 

a distinctly shear dependent characteristic. This material has a 
higher molecular mass than that of the monomers and exhibits 
shear thinning. The higher molar mass significantly enhances 
the viscosity of the resin and assists in achieving the desired 
spinning characteristics when thicker film profiles are required. 
The variation of the viscosity of the blends of the monomer 
reflects the effects of change in the chemical structure on the 

intermolecular forces. 
The blending of CHDG with TMTG will alter the 

topography of the network which is forme~ on photoc~ring 
and this will in turn change a number of physIcal propertIes of 
the films formed. The initial viscosities of the monomers are 
low and insufficient to give good film forming properties [26]. 
To increase the viscosity the CHDG can be prepolymerized 
to produce a viscous prepolymer which also has enhan.ced 
wetting characteristics. The prepolymer ha~ the reqUIred 
viscosity characteristics for it to pro~uc~ umform films of 
controlled thickness. The prepolymenzatIOn of CHDG was 
achieved by mixing 0.18 wt% of TAS-PF6 into the monomer 
with continuous stirring and irradiation using a 368 nm 
UV source operating at 6 mW cm-2

• When the reaction 
mixture reaches "-'43°C, UV irradiation and stirring is stopped 
and the prepolymerized material is rapidly cooled to room 
temperature. Heating the reaction mixture to "-'43°C is 
necessary to increase the solubil~ty .of th~ TAS-PF6 in the 
monomer. The resulting photoresIst IS a VISCOUS, transparent 
material that is stable for several months when stored in a 

cool dark environment. 

2.3. Determination of physical properties 

The nature of the blends of the monomers will influence the 
topography of the network which is .formed on ph.ot?cure and 
this in turn will influence the phYSIcal charactenstlcs of the 
films formed. Thin films of blends of the m~nomers were 
prepared using a constant dose of 2000 mJ cm- from a broad 
area near-UV source of 368 nm wavelength and were subjected 
to dynamic mechanical thermal analysis (DMTA) using a 
Polymer Laboratories Ltd Mk III DMTA. Rectangular samples 
of 10 mm x 5 mm and of approximately 200 fLm thickness 
were clamped using a single cantilever confi.guration and a 
knife-edge clamping arrangement. The clampmg torque used 
was 40 N, and the temperature was scanned between -80 and 
+ 120 "c. The samples were re-clamped at low temperatures 
to minimize slippage. The measurements were ~erformed at 
a frequency of I Hz. The main feature observed IS. the glass­
rubber transition (Tg) and its position was determmed as the 
peak tan 8 curve and they are listed in table 2. 

2.4. Transmission characteristics of thin films 

To determine the transmission characteristics of the 
polymerized films of a thickness comparable to that of 

encapsulants used in LED devices, photoresist was prepared 
as follows. The photoresist system was prepared by adding 
0.5 wt% of PAG to the CHDGffMTG monomer blend. 
The photoresist was spin casted onto a 2 inch quartz or 
sapphire wafer and cured at 328 nm with 6 mW cm-2 for 
10 min to produce a thin film of "-'23 fLm thickness. The 
absorption spectra were measured on a Varian Cary 300 UV-Vis 
spectrometer and the transmission characteristics are presented 
in figure 6. The films formed showed good transparency at 
230 nm (35%) and 270 nm (45%). Above 350 nm, almost 
full transparency to light (> 98 %) is achieved. The deposition 
procedure will not necessarily have completely cured the films 
and better characteristics are achieved if post cure is carried 
out by heating the films at 120 or 140°C. The post-cure 
process removes residual epoxy moieties and this increases 
the transmission characteristics, respectively, at 230-250 nm 
and 250-350 nm. Increasing the temperature up to 180°C 
induces the decomposition of the PAG, leads to the formation 
of an acid function and reduces the transparency of the film. 
The negative effects of the thermal dissociation process on the 
transmission characteristics of the films create an upper limit 
for the post-cure process. For comparison, a commercially 
available epoxy-based polymer resist (Norland NOA 63) 
deposited at the same thickness was examined, figure 6. 
The photoresist formulations based on the CHDGffMTG 
photoresist demonstrate superior transmission characteristics 
to the commercial resist in the deep UV. 

4 

In terms of device fabrication and design it is desirable 
to have the refractive index of the films available at the 
wavelength of operation. Ellipsometry measurements were 
performed on a 8 fLm film coated onto a fused silica substrate. 
The refractive index range changes from a value of 1.58 at 
256 nm to a value of 1.53 at 370 nm. The commercial polymer 
(Norland NOA63) has a refractive index of 1.56 at 370 nm [10]. 
The full refractive index dispersion is included in figure 6. 

2.5. Processing characteristics 

The first stage in processing for most photoresist applications 
is the deposition of a thin film by spin coating. A series 
of experiments using a variety of substrates indicated that a 
satisfactory uniform film can be deposited using a spinning 
speed of 3600 rpm and a spin time of 1 min. Increasing the 
spinning speed from 3600 rpm to 7200 rpm decreases the film 
thickness from 18 fLm to 10 fLm, respectively, when spinning 
for 1 min. Increasing the spin time might also lead to thinner 
film thicknesses. The perfection of the surface of the films was 
examined using atomic force microscopy (AFM). The Digital 
Instruments multimode Nanoscope IlIa was used in the tapping 
mode and revealed that the root mean square (rms) roughness 
was of the order of 10.2 nm over an area of 5 fLm x 5 fLm for 
a spin-coated film of thickness 23 fLm on polished sapphire. 
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Figure 6. (a) Transmi ssion spectra of depos ited photoresis t fi lms 
with a thi ckness of ~20 f.l.m (key: Norland NOA63 (solid line), the 
CHDGrrMTG photoresist- without post baking (dashed li ne), with 
10 min post bak ing at 120 "C (dotted line) and 140 cC 
(dotted-dashed line» . (b) Refractive index variation with 
wavelength (key : CHDGrrHTG, with post bake, 120 °C (e) and 
with post bake 140 "C (_». . 

3. Device fabrication-lens structures located on top 
of the micro LED elements 

Polymer microlenses were fabricated in th is material using 
photoresist reflow and reactive ion etching (RIE) techniques 
[II , 12]. This fabrication process involves two main 
steps: first a sacrificial mask in photoresist is formed using 
photolithography and thermal reflow which is then fo llowed by 
RlE. The double-polished sapphire substrate used for coating 
by the polymer film in thi s experiment is transparent to light 
down to ~200 nm . The polymer was coated at the des ired 
thickness by contro ll ing the spinning speed and hardened using 
a portable UV light source (4 W) for 2 h. The resist layer was 
then baked at 120 or 140 °C using the procedure described 
above. This latter process was carried out to increase the 
deep UV light transmi ss ion characteristics of the polymer 
film . A layer of resist was then coated and patterned into 
discs on the polymer of 30 J,Lm diameter and below using 
photolithographic techniques; the centre-to-centre spacing of 
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Figure 7. Variation of the etch rate (-a-) and the resulting surface 
roughness (-~) as a fun ction of CF4/02 concentration. 

Figure 8. Optical mi croscopy image of a 30 f.l.m spherical lens array. 

these di scs was 45 J,Lm . After development, the patterned 
photores ist was melted on a hot plate at I 15 °C for 2 min , 
during which the resist di scs melted into spherical lens lets 
by minimizing the surface energy. The patterned mask was 
then transferred into the underlying UV-transparent polymer 
by RIE etching. The plasma chemistry for RIE etching used 
a combination of 0 2 and CF4 gases which etches away both 
photores ist and polymer material effectively [14]. Figure 7 
shows the variation in the etch rate and surface roughness with 
various CF4/0 2 combinations. Using this 0 2 and CF4 gas 
chemistry (40/20 sccm) and a dc bias of 415 V, etch rates of the 
resist and the UV polymerofO.7 J,Lm min - I andO.5 J,Lm min- I, 
respectively, were achieved. 

3. J. Examination of the fabricated lenses 

The quality of the lenses produced was assessed using a Dektak 
sty lus profi ler, atomic force microscope (AFM) and optical and 
confocal microscopy. Figure 8 shows an optical microscopic 
image of an array of polymer microlenses and microstripes 
after RlE etching. 

Figure 9 shows an AFM image of the microlens' and 
indicates that it has a 30 J,Lm diameter and a rad ius of ~u rvature 
of 13.3 J,Lm with a surface roughness of 7 nm over an area of 
I J,Lm x I J,Lm. Using confocal microscopy it is poss ible to 
assess the optical performance of the microlens, fi gure 10. In 
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Figure 10. Confocal image of the focusing of the lens. 
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thi s technique, a pre-collimated green laser beam is focused 
by the lens and a series of transverse optical sections at 
progress ive distances from the lens foll ows the focusing of 
the beam . The focal length in this case wa determined to 
be 46 p,m. This is in close agreement with the va lue of 
44.9 p,m calcul ated for a spherical lens in the manner described 

prev iously [ 10, 11 ). 

4. Summary and conclusions 

In summary, the photoresi t developed in thi s project has 
demonstrated UV-transparent characteri stics which make it 
suitable for use as an encapsulant and device fabrication 
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media for u e with AllnGaN emitters working at deep UV 
wavelengths down to 230 nm. With thermal treatment, more 
than 55- 60% li ght transmission is achieved between 250 
and 280 nm through a 23 p,m thick layer, which is a spacer 
thickness suitable for producing co llimated light output from 
microslructured LEOs (8). 
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