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    n the last decades, interdisciplinary science subjects developed rapidly. This is mainly 

due to the invention of novel tools and the adoption of new analytical methods. For 

example, minimized sensing devices using advanced materials have been applied in the 

fields such as biology, physiology and pharmacology. They allow scientists to explore 

new domains, which have not been discovered with the traditional methods. 

 



 

 

 

 

As a novel electrode material, diamond possesses unique properties, such as the widest 

potential window of water dissociation in all electrode materials, extreme chemical 

stability, low background current density and biocompatibility. These properties are all in 

the wish-list of biologists, who want to perform biochemical sensing and may be willing 

to combine the diamond sensor technology with other mainstream technologies for 

biochemical sensing, e.g. parallel sensing with fluorescence microscopy, potentiometry, 

on-wafer signal conditioning, even the realisation of LOC (Lab On Chip) concept etc. 

However, traditional diamond micro devices are deposited mostly on silicon substrate, 

which is however not transparent to visible light and only show limited biocompatibility. 

Particularly, the monolithic integration into Si-based CMOS circuits may not be 

applicable since silicon-based electronics can hardly withstand the CVD conditions of 

diamond deposition.  

 

In this study, single crystalline sapphire is adopted as a novel growth substrate for CVD 

diamond electrodes. As a wide-bandgap semiconductor, sapphire is highly transparent, 

robust and has served as a substrate material for a wide range of electronic devices. 

Among them, the GaN electronics are especially interesting for this study, since they may 

withstand the harsh growth conditions of CVD diamond films. This might be an extra 

advantage in using sapphire as the substrate material for diamond growth. It allows the 

monolithic integration of diamond sensors with GaN electronics and being used for signal 

conditioning and processing. However, to the best of author’s knowledge, diamond films 

have not yet been deposited on wafer-size sapphire substrates. In this study, technologies 

are developed, leading to the realization of wafer-area (up to 2 inch) DOS (diamond-on-

sapphire) material with well-preserved (compared with diamond-on-silicon) diamond 

material properties for electrode applications (explained in chapter 2).  

 

Based on DOS (diamond on sapphire), several state-of-the-art diamond ultra-small 

electrode devices targeting novel applications have been realized. These devices include: 

 

Individually-addressable microelectrode arrays (MEA) — this is the first 2 × 2 

individually-addressable diamond MEA device for electrically recording the single cell 

activity. Here each single electrode in the array is able to individually record/stimulate, 

and allows parallel sensing through the multichannel system. Being deposited on the 

transparent substrate, it possesses vertical transparency in a wide spectrum range thus 

allowing parallel sensing with a microscope. During the in vitro test, the device was used 

to record single cell activities, showing comparable results to carbon fibre electrodes 

(CFEs) (details given in Chapter 4).  

 

Ultra-small single-dot electrodes/arrays — these are individually-addressable BDD ultra-

microelectrodes and sub-microelectrodes. As being scaled down to the size below one 

micron, they still show the typical diamond electrochemical properties. A specially-

designed passivation structure is created to suppress its background noise of one single 

dot electrode to pA levels. Being integrated into a quadrupole configuration, it can be 

used to sense single cells with spatial resolution below one micrometer. 

 



 

 

 

 

Conceptional integrated devices — an integrated sensor which combines both diamond 

chemical sensors and GaN transistors. There are two applications being GaN transistors 

used as switch and potentiometric sensor. The former one is essential for 

addressing/operating a large number of sensing elements in an array while the latter one 

works as a DG-ISFET (diamond-gated ion-sensitive FET). In comparison with ISFET 

devices based on other technologies, such a device shows enhanced sensitivity as well as 

a wide spectrum of electrochemical sensing. 
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1 Introduction 
 

1.1 General concept 

 

 
      his project aims to develop a microchip which is able to simultaneously detect 

different types of cellular signals, such as the ion channel activity and action potential 

through a microelectrode, pH sensing and cell’s responsiveness to calcium by 

fluorescence microscopy and so forth. A desirable feature will be high spatial-temporal-

resolution due to the smallness of the sensing targets.  

 

This study is based on several significant technologies developed recently.  
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Firstly, cell culture technology allows in vitro characterization of single cells, thus 

offering experimental environments totally different from the in vivo case. For example, 

it could select and extract a special type of cell from the intact organism. These selected 

cells can be cultured and individually measured in the environment, where essential 

parameters are well under control [1].  

 

Secondly, since the 1970s, the creation of patch clamp technology opened a new era for 

cellular sensing. It allows electrical recording of tiny cellular targets, like single ion 

channels on a cell membrane. However, this technique also shows several limitations, 

like being an invasive method and not able to sense with spatial resolution. These limits 

can be addressed by introducing novel technologies. For example, extracellular electrical 

recording can be done by contacting cells with planar micro-transducers [1]. In contrast 

to the patch clamp technology, these planar sensors measure in a non-invasive manner 

and may allow electrical sensing with high spatial resolution. 

 

Thirdly, regarding the electrode material, artificial diamond was originally available 

exclusively through the HPHT (High Pressure High Temperature) growth method. In the 

1980s, the CVD technology has been invented as an alternative, leading to the 

development of a novel material ̶ NCD (Nanocrystalline Diamond). After of about 30 

years’ development, the properties of CVD poly- or nanocrystalline diamond made by 

CVD systems have been largely improved and now are comparable to high-quality 

natural diamond. NCD is regarded as the most promising material for future electronics 

because of its superior material properties (which will be discussed in details in Section 

1.2). In this study, BDD (boron doped diamond) fits well to the requirements of 

electrodes for biochemical sensing. 

 

Fourthly, several microelectrode configurations, firstly applied to metal electrodes, have 

recently been adopted to enhance the sensing capability for BDD electrodes [2]. These 

advantages will be discussed in details in Chapter 3. 

 

Based on these novel technologies and configurations, in this study several sensors and 

integrated devices are developed. The developments begin with the diamond film 

deposition (see Chapter 2). Also material properties like electrochemical properties, 

mechanical conditions as well as optical transparency are thoroughly characterized and 

discussed in the context of device performance. 

 

Chapter 3 focuses on the device development of ultra-small diamond electrodes. 

Discussed are several diamond ultra-small electrodes and their integration into arrays, 

where each one remains individually-addressable and can work in parallel. Using a 

quadrupole device (2×2 array), in vitro tests are performed in conjunction with the Dep. 

of Neuroscience, NIS Excellence Centre, University of Torino and Sektion Experimentelle 

Anästhesie, Universitätsklinikum Ulm (detailed results discussed in Chapter 6). 

 

Chapter 4 discusses the combination of fluorescence microscopy with the electrical 

testing on a diamond microelectrode array. Besides discussing the concept of the 
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combined device, optical properties of the DOS multilayer structure have also been 

investigated. 

Chapter 5 discusses the concept of monolithic integration technology of GaN electronics 

with a diamond ultra-small electrode array, which will allow addressing/operating of a 

large number of sensing elements at the same time. The combination of GaN and 

diamond technology also leads to the diamond-Gated ISFET, which is developed mainly 

for device optimization, functional testing and the calculation of the device characteristics. 
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1.2 Structure and properties of diamond 

 

Diamond is a metastable phase of carbon. Through a phase transformation, natural 

diamond can form under extreme geological conditions from graphite. As an allotropic 

configuration of carbon, diamond presents itself in a FCC (Face Centred Cubic) lattice 

structure, which has in each crystallographic unit cell two identical carbon atoms. Pure 

diamond with its natural isotope has been evaluated by high-precision X-ray diffraction 

measurements at room temperature, showing the lattice unit as, 

 

 

a = 0.3567 nm  

 

 

where the bond length is characterized to be 0.154 nm [3]. Within the 1s
2 
2s

2 
2p

2
 electron 

configuration of each carbon atom, there are 4 valence electrons participating in the 

chemical bonding. In the case of diamond, it forms sp
3
 hybridization, while in the 

bonding configuration of graphite, the valence electrons are hybridized as sp
2
. In the 

diamond lattice, each carbon atom is bonded to 4 neighbouring atoms through sp3 bonds 

by an angle of 109˚ (see Figure 1-1). This extremely strong covalent bond together with 

the tight tetrahedral structure gives diamond extraordinary material properties. 

 

Therefore, diamond possesses the highest hardness up to date as well as an excellent 

chemical/thermal/electrical resistance in harsh environments against most chemicals 

(except reacting with oxygen gas at high temperature) [4]. Some important material 

constants of the diamond phase are listed in Table 1-2. 

 
 

 
Figure 1-1 Diamond lattice in FCC (Face Centered Cubic) lattice structure 

 

 

In addition, diamond has an indirect band gap of 5.45 eV. Without being doped with 

impurities, intrinsic diamond remains highly insulating, showing a resistivity up to 10
15

 

Ω·cm [5]. Other unique electrical properties of diamond are its high breakdown electrical 

field of 10 MV/cm, low dielectric constant of 5.7 and high carrier mobility of 4500 

cm
2
/V·s for electrons as well as 3800 cm

2
/V·s for holes [5].  
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Figure 1-2 Diamond band diagram [6] 

 

 

As shown in the band structure (see Figure 1-2), its valence band maximum is in the Γ− 

point (κ= 0) and the conduction band minimum can be found at approximately 80 % off 

the X− point in the < 100 > direction [6]. As a wide-bandgap semiconductor, diamond 

has one of the widest spectral windows of all solid state materials [4]. Being free of 

nitrogen impurities (so-called type II diamond), diamond is transparent throughout the 

near ultraviolet, the visible range and in the entire near and far infrared regime of 

electromagnetic spectrum, except for the range 3.7-6 µm where absorption occurs due to 

two-phonon processes [7, 8]. However, as the light passes through a piece of diamond 

crystal from air, the transmittance is limited to approx. 70% due to Fresnel reflection loss 

appearing at the air/diamond interfaces. More diamond optical properties are listed in 

Table 1-1.  

 
 

 

Table 1-1 Optical properties of diamond and other semiconductors [9-14]. 

 

 

 

Optical Properties  Diamond Sapphire Silicon 

Bandgap (eV) 5.45  9.9 1.12 

Type indirect 

 

indirect indirect 

Transmission Range (µm) 0.3-2.5 & 7->100 0.17-5.5  1.2-15 

Refractive Index 2.42 @ 0.589 µm 
 

1.75 3.42 @ 5  µm 

Reflection loss 30% @0.589 µm 14% @1.06 µm 46.2% @ 5 µm 

Absorption coefficient 

 

~0.09 cm-1 @ 10.6 
µm 

 

~0.3×10-3 cm-1 @ 2.4 
µm 

~0.01 cm-1 @ 3 µm 

dn/dT 30 × 10-6/˚C @300 
K 

13.1 × 10-6 @0.546 µm 16 × 10-6/˚C  
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Other Materials Properties Diamond       Sapphire                     Silicon 

Lattice constant (nm) 0.545 a = 0.476, c = 1.299 0.543 

Dielectric Constant@300K 5.68 @ 1.68 
kHz 

 

Indirect 11.9 

Thermal conductivity (Wm-1K-

1@300K) 

2200  27.21 145 

Thermal expansion (× 10-6/˚C @293 

K) 

1.0  5.6 (para)  2.6 @ 

Youngs Modulus (E) (Gpa) 1050  335 131 

Poisson Ratio 0.16-0.29 0.25 0.266 

electron mobility holes/electrons 
@ 300K (cm

2
/V·s) 

2800/2010 

 

 

                     -- 

 

                   

          1450/500 

 

n = 1.0x1014 cm-3 

Biocompatiblility 
 

 
Melting point (K) 

Yes 

 

 

3773 

Yes 

 

 

2373 

No 

 

 

1683 

    

 
Table 1-2 Other materials properties of semiconductors, diamond, sapphire and silicon [9, 15]. 
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1.3 Heteroepitaxial growth of CVD diamond films 

 

1.3.1 CVD diamond growth 

 

 

 
 
Figure 1-3 Carbon phase diagram [16, 17], in which different regimes are marked with corresponding 

growth methods. 

 

 

When diamond is mentioned, one may first come to single crystalline jewelry stones, 

which are obtained through mining natural diamonds. Also SCD (single crystalline 

diamond) can be artificially produced, which was first realized by a synthesis process 

called HPHT (High Pressure High Temperature) method. These artificial SCD stones 

produced by this technology reach sizes of several millimetres, which are however well 

below the scale of any semiconductor wafers, which are essentially needed for the mass 

production of semiconductor devices. An alternative to HPHT method is epitaxial growth 

of CVD diamond on bulk diamond or heteroepitaxial growth on special materials with a 

limited lattice mismatch, like Iridium. But due to extremely high cost as well as the build-

in stress which rises with material size, single crystalline diamond of wafer size (minimal 

diameter > 32 mm, 1.25 inch) remains unavailable at present [18]. 

 

In 1981, the discovery of diamond CVD (Chemical Vapour Deposition) processes opened 

a new era for producing artificial diamond [19]. CVD systems are used for coating 

diamond films on various substrates, primarily silicon also including other semiconductor 

materials, metals, and even polymers. Since then, the size of artificial diamond materials 



1. Introduction  8 

 

 

dramatically increases from several millimetre to several inches and even larger [20]. Till 

now, CVD diamond growth under different deposition conditions is able to prepare PCD 

(Polycrystalline Diamond)/MCD (Microcrystalline Diamond), NCD (Nanocrystalline 

Diamond) and even UNCD (Ultra-nanocrystalline Diamond) [21]. Most material 

properties of CVD diamond are close to that of the best natural diamond, regardless of 

the grain boundaries within the material which contain mostly sp
2
 carbon and may 

influence consequently some characteristics like thermal conductivity and electron 

mobility.  

 

 
 

Figure 1-4 Physical and chemical processes during CVD diamond growth [22]  

 

 

How could the diamond phase grow under conditions much milder in comparison to 

HPHT growth? Figure 1-3 illustrates the phase diagram of carbon, in which there are 

three main phase regions: diamond, liquid carbon and graphite, together with two 

coexistence regions in between. This diagram indicates that the diamond phase may not 

only be synthesized under high-temperature and high-pressure conditions, but also in two 

coexistence phase regimes. In the phase region “diamond and metastable graphite”, 

diamond forms using the HPHT method while in the other phase region “graphite and 

metastable diamond”, it forms via the CVD method. Compared with the HPHT method, 

the CVD method can produce diamond under relatively milder conditions. 

 

A CVD process needs reaction gases, which flow into the chamber and disassociate with 

an activation energy. This energy is normally provided by energy sources such as a 

plasma, a hot filament, a hot flame and so forth. Like many other CVD processes, the 

diamond nucleation on the substrate is determined by both kinetic and thermodynamic 

energy conditions. Figure 1-4 illustrates how carbon radicals and atomic hydrogen, which 

form in the energy-rich region, interact with each other and then drift towards the 

substrate through a gradient of temperature and concentration. According to the phase 

diagram, during the CVD growth, both the diamond and the graphite phase co-exist. And 

it is the balance between the hydrogen-graphite reaction and hydrogen-diamond reaction 
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that determines the diamond growth. Under optimized growth parameters, the etching 

rate of the graphitic phase could be much higher than that of the diamond phase, leading 

to preferential diamond deposition.  

 

 
 

Figure 1-5  (Left) schematic structure of MPCVD (microwave plasma CVD) and (Right) a photo of an 

ongoing deposition process in ASTeX MPCVD apparatus. 

 

 

 
 

Figure 1-6 Schematic diagram (Left) and a photograph of the hot filament CVD appratus developed in 

Institute of Electron Devices and Circuits [23]. 

 

 

Two CVD methods, namely MPCVD (Microwave Plasma CVD) (see Figure 1-5) and 

HFCVD (Hot Filament CVD) (see Figure 1-6) are mostly employed for diamond film 

growth. In this study, HFCVD is mainly employed considering its advantage of growing 

large-area diamond films on sapphire. Figure 1-9 (left) shows a 4-inch silicon wafer 

coated with a nanocrystalline diamond film by HFCVD. Recently, with an improved 

waveguide design [24], plasma CVD has also been applied to coat diamond films on 

large-area substrates. However, detailed material properties have not been reported.  

 

To initialize the thin film growth on foreign substrates, the nucleation process should be 

the first step. Two classic methods, namely BEN (bias enhanced nucleation) and seeding 

(with nanodiamond) will be discussed in details in Chapter 2 and Appendix I. 
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The diamond CVD conditions still represent a harsh growth environment for most 

semiconductor devices. This is mainly due to its high substrate temperature and the 

reactor atmosphere which is filled with highly-reactive H* radicals. Note that in this 

investigation, the substrate temperature lies in between 700 ˚C ~ 810 ˚C, measured 

without emissivity correction. Therefore, to be used as the deposition substrate, the 

material needs to physically withstand the high temperature also should not react with 

gaseous reactants like H*. 

 

 

 

1.3.2 Intrinsic stress loaded on CVD diamond film 

 

 
 
Figure 1-7 calculated thermal stress loaded on the thin film on different substrates with respect to the 

substrate temperature, ‘+’ stands for tensile stress in the deposited material while ’–‘ represents the 

compressive stress. Figure is adapted from calculation made by J. Kusterer, Ulm University. 

 

 

Another significant aspect related to the thin film growth is the intrinsic stress that 

develops during the process in the material stack. The intrinsic stress between layers can 

lead to different forms of material failures, such as cracking, buckling, peel-off and so 

forth. For polycrystalline diamond grown on foreign substrates, there have been several 

factors which can cause such material failure. They are thermal mismatch, coalescence, 

impurity incorporation and nucleation. 

 

First of all, during the cooling-down step, the diamond thin film could be loaded with a 

tensile or compressive stress. This thermal stress is normally built up between materials 

of different thermal expansion coefficients, like between diamond and its substrates (see 

Figure 1-8). The residual thermal stress on diamond thin film could be calculated 

according to, 
 

 

[ ]∫ −−= amb

g

T

T
subdididith dTTTvE )()()1/( αασ

  [25],    
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Equation 1 

 

where Tg is diamond growth temperature, Tamb is the ambient temperature to which the 

sample is cooled down after the process, and where αdi(T) and αsub(T) are the thermal 

expansion coefficients of the diamond thin film and its substrate material, respectively. 

Edi is the Young’s modulus of the diamond thin film and νdi is its Poisson ratio. By using 

specific material parameters, the corresponding residual thermal stress is calculated and 

shown in Figure 1-7. These curves indicate the residual stress loaded on the thin film 

after cooling down from the growth temperature. ‘+’ is used to mark the tensile stress and 

‘-’ for the compressive.  
 

 

 
 

Figure 1-8 Generic diagram of a force-per-width curve against thickness/time during CVD deposition. 

Symbols A, B and C are used to mark 3 regions of the curve. A indicates the initial status with compressive 

stress. B stands for the outgrowth phase with tensile stress caused by coalescence, while C is the case for 

compressive stress caused by different defects, like impurities, dislocations and so on. 

 

 

Secondly, interfacial energy could also play a role in building up the intrinsic stress. A 

diagram illustrating how the intrinsic stress builds up against growth time/film thickness 

is shown in Figure 1-8. As discussed, to deposit polycrystalline diamond thin films on 

foreign substrates, a nucleation step is needed for initializing the thin film growth. During 

the nucleation step, semi-spherical nuclei form as individual islands on the substrate. The 

measured bending moment of the substrate indicates that the surface stress of the islands 

is typically compressive [26] (marked as phase ‘A’). The nucleation is then followed by 

an outgrowth step, during which the nuclei grow into a closed thin film with fewer 

defects. This caused tensile stress in the film (marked as phase ‘B’). This is induced by 

first grains contacting each other and then probably crystalline coalescence, which pulls 

together external surfaces to form grain boundaries [27]. Equation 2 could be used to 

estimate surface stress after the grains contact each other (see Figure 1-8). The average 

stress in two dimensions could be calculated according to  
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Equation 2 

 

where v is the Poisson’s ratio of substrate, E the Young’s modulus of the substrate, γi is 

the surface energy of the nuclei, γgb is grain boundary energy, and ai is the average radius 

of the hemi-spherical islands. By using typical material parameters for the sapphire 

substrate and NCD diamond film in Equation 2, the inner stress loaded on the thin film is 

calculated to around several GPa (tensile). As all the nuclei contact each other, the 

vertical grain growth begins. And the diamond grains not only grow in the vertical 

direction to form columns, also in horizontal directions in order to reach larger grain sizes 

(details will be discussed in Section 2.4.1). The reducing grain boundary area makes the 

average stress in the entire film becomes more tensile. However the film still could be 

compressively loaded during growth (marked as ‘C’ in Figure 1-8). This is due to the 

formation of defects, like dislocations, impurities, and in particular, dopants for semi-

conductor applications. All these defects will cause lattice expansion, thus probably 

turning back to a compressive stress condition. Since diamond has a high biaxial modulus 

in the order of 100 GPa, in reality it may cause severe compressive conditions.  

 

 

 

1.3.3 Substrate materials 

 

In general, there are several candidates to be employed as a substrate for CVD diamond 

films. According to their reactions with carbon, substrates for CVD diamond deposition 

could be categorized into two classes: materials which can form carbides and materials, 

which do not form carbides at the diamond/substrate interface. The materials normally 

can form covalent bonds at the interface are mostly metals, like W, Mo, Ta, Ti etc.  

 

Si is not a metal but it forms silicon carbide under diamond CVD process conditions. It 

has been primarily used as CVD diamond substrate, because of its stable material 

properties and high availability (see Figure 1-9 left). Also, by adopting Si as the growth 

substrate, it offers the potential of integration with Si technology [21]. 

 

However, in this investigation silicon will not be employed as the main substrate material. 

This is mainly due to its limited optical properties. With an indirect band gap of 1.11 eV, 

it is not transparent to visible light therefore is not compatible with the use of 

fluorescence microscopy [28]. Similarly, traditional metal materials will be again 

excluded from this study due to their high absorption coefficients in the spectrum of 

visible light. The penetration depth into metals is typically in the range of tens of 

nanometres only. 
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Figure 1-9  Left: NCD on 4-inch Si wafer [22] and Right: 2-inch Diamond on sapphire using silicon 

interlayer grown with HFCVD. 

 

 

In this study, sapphire wafers are used as substrates for NCD film deposition, leading to 

homogeneous pin-hole-free diamond thin films on 2-inch sapphire substrates (see Figure 

1-9 right). Motivation as well as details about their growth and materials characterization 

will be given in the next chapter. 
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2 CVD diamond on sapphire 
 

 

 

 

         hapter 2 is concerned with the deposition of diamond thin films on sapphire. Firstly, 

the motivation of using a sapphire substrate is introduced. Secondly, the diamond 

depositing method is investigated, starting with nucleation technologies then the growth 

of intrinsic diamond buffer layers as well as boron-doped layers. The characterization of 

the DOS (diamond-on-sapphire) material stack focuses on its thin film crystal 

morphology, electrochemical characteristics and electrical properties. The analysis of 

optical properties will be discussed in the Chapter 4. 
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2.1 General concept 

 

As discussed in previous sections, due to its chemical stability, unique electrical isolation 

properties, high transparency and the possibility to allow monolithic integration, sapphire 

is selected as the substrate for diamond deposition.  

 

As an insulator, sapphire shows a resistivity value up to 10
16

 Ω·cm. This is a significant 

feature for integrated electronics, since then leakage currents stemming from the substrate 

will be suppressed. This will offer a ‘clean background’ for electrical signals. 

 

Also sapphire (e.g. double polished single crystal, C-plane) is one of the most commonly-

used substrate materials for GaN devices. However, the employment of sapphire is 

limited in some cases like high power electronics due to its limited thermal conductivity. 

But it could possibly suit bio-sensing applications very well, where the electronics 

generally operate at very low power and heat dispassion becomes not any more the 

bottleneck.  

 

In addition, with an extremely large band gap about 9.9 eV [17], single crystalline 

sapphire is not only a electrical insulator, it also remains highly transparent in the 

spectrum from deep UV to mid-IR, while other transparent materials, such as bio glass, 

may still display a cut-off wavelength in mid-UV, depending on its composition [29]. In 

comparison, double-polished optical-grade single crystalline sapphire wafers show a 

transparency close to the materials physical limit [30]. If diamond could be deposited on 

such a material, its optical transparency may be well preserved. Also, sapphire can 

withstand the harsh growth environments in the CVD chamber. Unlike optical glasses, 

which start to melt at a temperature above the glass transition point, e.g. glasses of the 

Pb-Sn-P-O-F system, which starts to melt at 500˚C [31]. Or other thermal-stable 

transparent substrates, like metal oxides, quartz and even high-temperature-stable plastic 

[32-36] are not standard wafer materials for electronics and may limit the integration. 

 

However, untill now, only limited success has been reported for the deposition of 

diamond films on sapphire. And the deposition area had still been limited to below one 

square millimeter, to the author’s knowledge [37]. In this study, technical barriers to 

large-area deposition will be discussed (in Section 2.2) and a silicon-based interlayer is 

employed to address the adhesion problem. 
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2.2 Nucleation on sapphire by Bias Enhanced Nucleation 

 

Two technologies are tried for diamond nucleation on sapphire substrates, being BEN 

(Bias Enhanced Nucleation) and seeding (with diamond nanocrystals). The former one 

can only be applied to a conductive substrate (for more discussion refer to Appendix I). 

During the process, it requires ion bombardment to supply enough energy to overcome 

the energy barrier to form cubic carbon clusters (sp
3
 C). However, as an insulator, during 

the nucleation process, the sapphire surface will be strongly charged by ionized radicals. 

This may affect the field distribution between the substrate and the filaments set (see the 

setup sketch in Figure I-2) and block the nucleation process. Additionally, carbides 

forming on sapphire is not likely since its conversion from metal oxide to carbide needs 

to overcome a huge energy barrier [37]. 

 

The solution used here is by employing a composite interlayer, which consists of a silicon 

thin layer and an amorphous SiO2 buffer layer. Figure 2-1 illustrates the configuration of 

this material stack. This material stack will bring conductivity to the sapphire substrate 

surface and allows forming of SiC during the nucleation process. In the early experiment, 

the BEN process step applied to this stack typically results in a nucleation density above 

1010/cm2. 

 

 

 
 

Figure 2-1 A schematic diagram of the material stack of a highly nucleated sapphire substrate. 

 

 

 

2.2.1 Silicon interlayer  

 

The BEN process on silicon bulk material leads to a high nucleation density, and has 

been well established as a reliable nucleation technology for CVD diamond [38]. Besides 

their limited transparency as mentioned, several metals are excluded from the list of 

candidates also because of lower nucleation densities, like the highest nucleation density 

obtained from Hafnium and Titanium lies between 10
8
 -

 
10

9
/cm

2
 [39], being still much 

below the threshold for forming a close film during a typical outgrowth condition in the 

CVD system.  
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In this study, a thin silicon layer is PECVD-deposited/ ion-beam-sputtered on the 

sapphire substrate (Epistone Sapphire 2-inch Wafers [30]). The intrinsic material is not 

highly conductive at room temperature and dopants like boron are not preferred since 

they may contaminate the diamond buffer layer. But at temperature above 800 ˚C (typical 

BEN process substrate temperature) the conductivity of intrinsic silicon rises 

considerably, reaching a value higher than 10 Ω
-1

·cm
-1 

[40].  

 

 

 
 
 

Figure 2-2  (Left Y axis) Calculated conductivity of silicon films at nucleation temperature (Right Y) 

Optical transmittance at 405 nm UV through sputter-deposited silicon on sapphire before thermal annealing.  

 

 

How thick should the silicon layer be? There are several factors we need to consider. 

First, during the BEN process, a thin layer of carbon-based material forms on the sample 

surface, reaching probably a thickness of merely several nanometer but acting as an 

incubation layer for the carbon phase transition (detailed discussion found in Appendix I). 

This layer could provide a desirable environment—high dynamic temperature and high 

pressure within isolated spaces—for incubating diamond initial phases. Therefore the 

silicon layer should be deposited with the minimal thickness which is required for the 

carbide layer formation. Second, under a bias of 200 V together with a high substrate 

temperature, the silicon interlayer is continuously consumed by the radical bombardment 

thus reducing the film conductivity, as shown in Figure 2-2. The optical transmittance 

dependence on the silicon thickness is shown as a reference. 

 

To identify an optimum thickness, silicon films with various thicknesses, ranging from 10 

nm to 100 nm, have been deposited on sapphire substrates. After the classic BEN process, 

the nucleation density of each sample has been evaluated by SEM, shown in Figure 2-3. 

It can be seen, that for a silicon film thinner than 30 nm, the nucleation density drops 

below 10
10

/cm
2
. This suggests less energetic ion bombardment of the sample surface 

owing to its limited electrical conductivity (see Figure 2-2).  
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Another factor is the optical absorption caused by the silicon layer. Crystalline silicon has 

an energy gap of 1.1 eV and an extended absorption tail at longer wavelengths. Also  it 

possesses a direct bandgap cut-off wavelength at 360 nm, which is observed as the step in 

its absorption coefficient function [41]. According to Equation 20 (in Section 4.2.3), the 

transmission intensity depends exponentially on the light penetration depth. In addition, 

in this study, amorphous silicon has been firstly deposited, which means many quantum 

mechanical energy levels may blur the band structure.  

 

 
 

Figure 2-3 Dependence of nucleation density on silicon layer thickness. The Inset shows a SEM image of a 

sapphire surface coated with 50 nm silicon interlayer after a bias enhanced nucleation process. The dashed 

line marks the lowest experimental limit of the nucleation density on a silicon wafer to outgrow a pinhole-

free diamond thin film.  

 

 

Here, the transparency of the silicon thin layer is evaluated by measuring its vertical 

transmittance, using a 405 nm monochromatic detector (Karl Suss mono wavelength 

sensor). Figure 2-2 shows the transmittance measured and plotted against the layer 

thickness. Note here the silicon layer is as-deposited being therefore amorphous, verified 

by XRD analysis shown in Figure 2-7. The measurement shows a clear intensity 

dependence on the film thickness. Considering the high refractive index of silicon, there 

will be a lot of reflection loss at the silicon/air interface. 

 

To take all the factors into consideration, the composite layer with 50 nm silicon is 

usually prepared. The material analysis which is performed after the diamond nucleation 

step will be given in the next section.  

 

 

 

2.2.2 SiO2 buffer layer 
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Diamond thin films grown on foreign substrates must remain mechanically stable against 

build-in stress, as discussed in Section 1.3. The adhesion of diamond thin films is usually 

checked by optical microscope observation or simply tested by a method so-called ‘Tesa 

test’ [32]. Figure 2-4 illustrates different cases of material stacks and their corresponding 

stress configurations. In the upper graph, the diamond film is loaded with compressive 

stress, while the upper half of the sapphire substrate is loaded with tensile stress. 

Obviously, the diamond/sapphire interface lies in the region of critical shear stress. The 

nucleation layer of the diamond film contains many defects involving non-cubic carbon 

phases, diffusion impurities from the substrate and even voids between nuclei (see Figure 

2-6). Here cracks may readily propagate and cause probably material failure, typically 

peeling off. In this study, this situation can be improved as a buffer layer is inserted in 

between. After the deposition of the buffer layer, sapphire is stretched and here diamond 

is still compressed, but the critical point has been shifted away from the interface. 

 

 

 
 

Figure 2-4  Sketch of stress distribution of material stack with/without an amorphous buffer interlayer. 

Here ‘C’ stands for compressive stress while ‘T’ stands for tensile stress. 

 

 

In this investigation, a thin SiO2 film is deposited on the sapphire substrate by PECVD, 

followed by the deposition of the amorphous silicon layer within the same chamber 

(Figure 2-5). Similar to Si, also SiO2 layers have been used for CVD diamond selective 

growth processes [42]. As an amorphous material, the SiO2 layer will adhere firmly to 

both the silicon layer and the sapphire substrate. SiO2 film can be reduced under H-

plasma, resulting in Si and O2, but the etching rate is very low (several nanometre per 

hour in the BEN process) and could therefore be neglected for the process condition in 

this study.  

 

The optical properties of the material stack after completing the BEN process step have 

also been investigated and are presented in details in Chapter 4. 
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Figure 2-5 Sketch of an insulating substrate loaded for bias enhanced nucleation in the HFCVD chamber. 

Note that the silicon layer is deposited onto the insulating substrate to supply conductivity. 

 

 

 

2.2.3 After the nucleation step 

 

In the subsequent CVD growth process, this nucleation layer can outgrow into a close 

film within 2 hours. This growth process (see Appendix II process #1) will be discussed 

in details in Section 2.4. Here a 3-hour outgrowth is performed resulting in a 300 nm 

NCD film. Transmission electron microscopy is employed to characterize the cross 

section of the sample. Measurements have been performed in the Electron Microscopy 

Group at Ulm University. In HRTEM (bright field), the image contrast reflects atomic 

weight differences. This is because the material with a larger atomic weight tends to 

scatter more electrons and thus turns out to be brighter. In contrast, the material with a 

lower atomic weight will turn out to be darker. In the case of material voids, electrons can 

go through without being scattered, thus showing dark areas in the corresponding region. 

Figure 2-6 (left) shows that after another 3-hour CVD growth, the interlayer remains 

stable without any detachment at the diamond/Si or the SiO2/sapphire interface. Also, the 

element analysis shows, no major material diffusion occurs at the interface (not shown in 

this figure). One can also observe that the diamond nuclei seem not to be single crystals, 

but a cluster of many nanocrystals. According to the TEM image, the diamond thin film 

is anchored on the substrate through these nuclei, which are separated by voids resulting 

in an average nucleus-nucleus distance around 50 nm. These voids are in fact the weak 

points for the adhesion. This explains why diamond film adhesion depends on the 

nucleation density. 

 

In Figure 2-6 (right) the borderline between diamond and silicon is identified with an 

atomic resolution, according to the different lattice constants of diamond and silicon. The 

silicon side is polycrystalline with relatively large crystals showing a long-term order 
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while on the ‘diamond’ side, small diamond crystals of around 5 nm are found. The 

diamond nanocrystals are surrounded by amorphous phases, believed to be mainly 

graphite. This result matches a XRD analysis made after diamond growth (see Figure 

2-7). It shows that carbon and silicon crystallize during the CVD process from their 

amorphous phases. SiC in both crystalline and amorphous phases have also been found at 

the diamond side near the interfaces. 

 

 

 
 
Figure 2-6 (Left) HRTEM image (bright field) of multilayer cross section (300 kV). A small zone in the left 

image is magnified (Right) showing the diamond/silicon interface with atomic resolution. TEM 

measurements taken by the Electron Microscopy Group at Ulm University. 

 

 

 
 

Figure 2-7 shows XRD spectra of silicon on sapphire, before (a) and after (b and c) CVD diamond 

deposition. Y axis intensity is normalized. X axis: 2 Φ peaks marked by O: crystalline silicon 33˚ (111), 

55.8˚ (220), 66.5˚ (311) and X: diamond 51.7˚ (111), 90.5˚ (220). 

 

 

The phase stability of PECVD-deposited silicon thin layers has also been studied by X-

ray diffraction (see Figure 2-7 curve a). Subsequently, the BEN process (Process # 21, 

Appendix II) and a 5-hour diamond growth process (Process # 1, see Appendix II) have 

been performed. In these two X-ray diffraction spectra, the fingerprints, which belong to 
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polycrystalline silicon with randomly oriented grains have been found (see Figure 2-7 

curve b-c). This means that amorphous silicon starts to crystallize during the CVD 

process, during which the substrate temperature rises above 750 ˚C. Similar results are 

also reported by Giroginoudi et al, showing that a 50-nm-thick amorphous thin film starts 

to crystallize in 150 s at 600 ˚C, reaching average grain size of around 50 nm. After being 

annealed at 600 ˚C for 6 h, the on-average grain size increases to 235 nm [43]. The 

recrystallization changes the over-all properties of the silicon film, including its optical 

transparency which is also observed in this study. 

 

 

2.2.4 Summary  

 

To achieve bias enhanced nucleation on sapphire substrates, a silicon-based composite 

interlayer is deposited prior to the nucleation step. This thin layer has been optimized 

considering its electrical conductivity, its material loss during the process and its optical 

transparency. Thereafter BEN has been performed, followed by the material 

characterization, in which the SEM measurement shows a high nucleation density. 

 

The process described above has been modified to employ an even thinner Si-interlayer, 

which is almost totally consumed during the nucleation process to achieve a higher 

transparency in a wider spectrum (explained in Section 2.3 and Section 4.3). For more 

details please refer to Section 2.4. 
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2.3 Nucleation on sapphire by seeding 

 

As introduced in Appendix I, besides BEN, diamond nucleation can also be achieved 

alternatively by seeding substrates with nanodiamond particles. Seeding is a fast as well 

as an economic method to initialize the growth of diamond films. Unlike in a BEN 

process where sp
2
 carbon should be transformed into sp

3
 carbon, here no carbon phase 

transition or surface carburization is included in the seeding process. Therefore, no 

special reaction setup is needed and neither a conductive substrate nor an extra buffer 

layer is compulsory. Without the extra interlayer, the vertical transparency of the 

multilayer stack may also be better preserved. However, weak bonds between the 

diamond phases and the substrate may not withstand the inner stress, which develops as 

the thin film outgrows.  

 

 

 
  

 
Figure 2-8  SEM image of sapphire substrate after seeding with UDD particles (sample prepared in NCKU). 

Inset presents a SEM image of a bare sapphire substrate as a contrast.  

 

 

In this study, identical double-polished single crystal sapphire substrates as used in the 

BEN process are employed as the substrate for seeding. Seeding on sapphire with 

nanoparticles is performed by the group of Y. Tzeng in National Cheng Kung University, 

Taiwan [44]. During the preparation process, the sapphire wafer (C-plane) has been 

firstly cut into 10×10 mm pieces, then thoroughly cleaned with piranha (H2SO4: H2O2 ~ 

2:1) to remove organic residuals from the surface. UDD (Ultra Dispersed Diamond) 

powder with an average crystal size of about 5 nm is dispersed in water, and then 

processed in an ultrasonic bath with 20% power for 10 min. Subsequently, the sapphire 

samples are immersed into this solution, followed by another treatment in the ultrasonic 

bath for 30 min. After being dried out gently with N2 gas, the sapphire sample is 

inspected by SEM to ensure that no large clusters of agglomerates had been deposited on 

the surface.  
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Figure 2-9 Left: peeling-off from a 10×10 mm sapphire substrate after being seeded with diamond 

nanoparticles plus 3-hour CVD outgrowth, suggesting a limiting NCD film thickness of about 250 nm. 

Right:  peeled-off film observed under the optical microscope. 

 

 

On the seeded sapphire substrates, diamond growth processes are performed in both 

HFCVD and Plasma CVD, as already mentioned. The growth process #1 is applied for 

HFCVD and process #12 for MPCVD outgrowth, respectively (see Appendix II). It turns 

out that diamond films peel off after outgrowing in both cases to a thickness of approx. 

300 nm (Figure 2-9 (left)). Optical microscopic images show that the thin film buckles 

and peels off. SEM images show, that the detachment happens at the diamond/sapphire 

interface which is a reproducible as well as irreversible material failure. Even tuning 

seeding parameters e.g. the power supply or the ultrasonic treatment duration, 

concentration etc., does not lead to any remarkable changes.  

 

It is beneficial to form strong bonds between the diamond nuclei layer and the substrate. 

Si-C covalent bonds can form between a diamond and a silicon substrate, while between 

diamond and sapphire the adhesion may be only supported by 'Van der Waals' force [45], 

which is much weaker compared with other bonding forces. Take several typical carbon-

carbon interactions for example, the covalent bonds in the diamond lattice show a 

bonding force up to 1000 GPa, while the Van de Waals force within polythene is only 

around 2 Gpa. In reality, affected by certain defects, the adhesion at the interface can be 

even weaker. It has been reported that Si-C covalent bonds have been found at the 

diamond/silicon interface of the diamond layer, which outgrows from seeds. These strong 

bonds may form during diamond growth [32]. In contrast, no direct covalent bonds 

between diamond and sapphire are observed, since diamond epitaxial growth on sapphire 

substrates is thermodynamically unlikely. Diamond has a FCC lattice structure while 

sapphire lattice is hexagonal. If the diamond (111) plane is covalently bonded to the 

sapphire (0001) plane, it would have to bear a lattice mismatch of about 14 % [45], which 

is a huge difference. To overcome this huge energy barrier, the reaction may be 

performed under harsh growth conditions such as high temperature, high energy ion 

bombardment or irradiance. Covalent bonds which do not exist after the seeding process 

between diamond and sapphire may not form under the condition of a diamond CVD 

process. Without strong bonds to balance the thermal stress, a diamond thin film will 

probably peel off due to the compressive stress loaded on the deposited film.  
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There are several possibilities to improve the thin film properties. On one hand, it may 

help by adding an extra buffer layer, which should firmly bond to diamond and sapphire. 

Or as discussed previously, a layer, which may be able to release the strain from the 

critical point, could also be beneficial. Also this additional buffer layer should be stable at 

the CVD diamond deposition temperature without depositing any impurities, which can 

contaminate the diamond layer by diffusing into its grain boundaries. And if possible, it 

should also be highly transparent. Commonly-employed Mo/Ti layers for seeding will 

hinder the transmittance of light, even totally block short wavelengths [44]. On the other 

hand, reducing the intrinsic stress may also help. For example, using a lower growth 

temperature may help to reduce the thermal stress which builds during cooling, refer to 

Figure 1-7, but will increase the content of non-diamond phases. Further investigation is 

still needed. Optical properties of samples seeded with UDD will be discussed in Chapter 

4. 
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2.4 Diamond growth on sapphire 

 

2.4.1 Growth of undoped buffer layer 

 

 

Here discussed will be the undoped diamond buffer, which is outgrown on top of the 

nucleation layer. Such an undoped buffer layer is grown— for eliminating defects from 

the nucleation layer i.e. closing pin holes, separating the active layer from substrate 

contamination— to prepare the diamond surface for BDD epitaxy. The material 

properties of this undoped layer are significant, since they will directly influence the 

active boron doped layer growth. 

 

The material properties of CVD diamond thin films can be considered from two aspects. 

On one hand, bulk properties are important, such as electrical conductivity, optical 

transparency, defects density, mechanical properties etc. These properties can be directly 

related to the nanodiamond crystal morphology, and defects density, mainly depending 

on growth conditions. On the other hand, surface properties are also significant, which 

can be characterized physically by SEM, and AFM and electrochemically by 

potentiometry (if conductive). Most surface properties are in fact strongly related to bulk 

properties, like the surface roughness is determined by grain orientation, grain size etc. 

while others are more determined by the surface termination. 

 

There have been several requirements for growing the high quality undoped diamond 

buffer layer. First of all, as discussed in Section 2.2, a high nucleation density is essential 

for the outgrowth of pinhole-free NCD layer with the necessary thickness. Figure 2-10 

shows corresponding crystal morphologies for different initial nucleation densities, 

secondary nucleation densities and growth thicknesses. Another typical materials feature 

related to the bulk properties is the morphology of the individual diamond grains, which 

are termed as 2D or 3D diamond, according to the grain morphology. Marked in Figure 

2-10, the 2D diamond film shows elongated grain geometry in the vertical direction, with 

column-like grains outgrowing directly from the nucleation layer. Here some crystals 

grow without being interrupted, while others may be suppressed during their growth. Due 

to its large grain size, such diamond film will contain only a small portion of grain 

boundaries in the vertical direction. In addition, the grain boundary network will possess 

a high energetic strength (leading to the high chemical inertness of the boron doped 

diamond layer grown thereafter) since there is a large fraction of low angle grain 

boundaries. In comparison, a 3D diamond film does not consist of such column-like 

grains. Here the grain growth is often interrupted due to the formation of new grains, i.e. 

by secondary nucleation. During the diamond CVD process, 3D diamond normally 

appears when a high ratio of methane /hydrogen gas flux and/or low substrate 

temperature are employed. 
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Figure 2-10 Schematic diagram shows the influence of initial and secondary nucleation density on the 

crystal morphology, adapted from [46]. ‘2D’ and ‘3D’ are used here to mark distinct crystal morphologies 

of the NCD film. 

 

 

The grain orientation can also be modulated by applying different growth parameters. 

Varying the substrate temperature and the ratio of the methane/hydrogen flux will lead to 

the preferential growth in specific crystal orientations, as illustrated in Figure 2-12. Here, 

an α parameter is introduced by C. Wild [39, 47], defined as the ratio of the growth 

velocity along the <100> direction to the growth velocity along the <111> direction.  

 

 

a = 3
v111

v100  

Equation 3 

 

It can be found that CVD diamond grown at a higher substrate temperature and a smaller 

methane/hydrogen ratio tends to show a smaller α-factor. This means, the preferential 

growth direction is <111>, instead of <100>. This can be identified by the corresponding 

surface morphology (see Figure 2-11). In the contrary, under growth condition of a high 

methane/hydrogen ratio and a low substrate temperature, diamond crystals tend to grow 

with more defects. Like going from α = 1.5 to α = 3, typically more twinning defects can 

be observed. Therefore, to grow 2D diamond, it is essential to use a high substrate 

temperature and a low methane concentration, as shown in Figure 2-12. 

 

In this study, at first the outgrowth has been performed on a sapphire substrate of 10×10 

mm in size, where a nucleation density of around 3 x 10
10

/cm
2
 has been measured (the 

nucleation process has been discussed in Section 2.2). The condition of the following 

growth process is labelled as Process #1, listed in Appendix II. This 3-hour CVD process 

leads to around 300 nm film thickness (shown in Figure 2-13), there is no buckling or 

peeling-off of the diamond film observed (see Figure 2-15 Left). An etching test in hot 

condensed KOH solution (16 % wt, 65 ºC, for 60 min) indicates no pinholes within the 

diamond layer (this process is explained in Section 3.1.4). The green-yellow colour the 

wafer shows probably can be attributed to an optical coupling effect. In the transmittance 
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spectrum, it is observed that the intensity rises at around 500 nm and then gradually 

reduces at the wavelengths close to 600 nm (see Figure 4-7). Besides the interference 

diffraction, the absorption caused by a residual silicon interlayer also affects the 

transmittance. The characterization and detailed analysis of the optical loss of NCD thin 

films will be discussed in Chapter 4.  

 

 

 
 

Figure 2-11 SEM images of NCD (Nanocystalline Diamond) film with different surface topography, after 

[48].  
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Figure 2-12 Growth under different conditions results in distinct crystal morphologies, from [47]. Note that 

the growth conditions employed here are also equipment-dependent, thus needing specific adjustment to 

match the growth conditions used in other cases.  

 

 

    
 
Figure 2-13 (Up) SEM image of undoped diamond buffer layer deposited on sapphire substrate, diamond 

layer thickness is about 300nm, silicon-based interlayer thickness is of around 30 nm (Si) + 50 nm (SiO2), 

(Down) sample surface profile from AFM.  

 

 

SEM and AFM are employed to characterize the film surface and its cross section. Here, 

a 300 nm thick diamond film has been deposited on the sapphire substrate during 3-hour 

CVD growth. 2D crystal morphology could be clearly identified by the cross section 

image, which also indicates a clear and flat interface between diamond and silicon, i.e. 

the diamond film still keeps an intimate contact with the silicon interlayer. Also, element 

analysis shows there is no remarkable material diffusion across the interface. The Si/SiO2 

interlayer is also quite sharp as observed under the SEM, meaning that the silicon 

interlayer remains also stable under the growth conditions. The AFM image in Figure 

2-13 (right) illustrates that the crystal surface of the undoped buffer layer has an average 
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grain size of 91 nm as well as a surface roughness of around 12 nm (rms, while the peak-

to-peak roughness is around 70 nm).  

 

As introduced in Appendix IV, Raman spectroscopy is a method typically used to 

identify diamond and related carbon phases. For this undoped diamond buffer layer, a 

typical peak at 1332 cm
-1

 is related to sp
3
 C bonds, specified as diamond ‘finger print’ 

(shown in Figure 2-14). Besides diamond, other carbon phases can also be detected from 

their characteristic signal features, e.g. a broad maximum beyond 1600 cm
-1

, is 

recognized as G peak, which is normally attributed to graphitic phases. But the D peak 

(1400 cm
-1

) as a shoulder normally found together with the G peak, which can be related 

to disordered carbon phases is not found here. The reason is still under investigation. 

Here the intensity of the sp
3
 C (1332 cm

-1
) peak is much higher compared to the G peak, 

confirming a typical feature of the high-quality CVD diamond film. It could also be 

deduced that most graphitic phases should be located in the grain boundaries. 
 
 

 
 

Figure 2-14 Raman spectrum of 300-nm intrinsic NCD thin film on sapphire using silicon interlayer (taken 

using 514 nm laser excitation). 

 
 

 
 
Figure 2-15 DOS (Diamond on sapphire) material grown in this study with the available size is up to 2 inch. 

Here the yellow-green colour is attributed to optical absorption caused by silicon and thin film interference. 
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In summary, it has been discussed that in comparison to Plasma CVD, HFCVD has a 

significant advantage since it allows coating of large-area diamond layers without any 

complex microwave power source arrangement. In this study, apart from the 

experimental samples of 10×10 mm size, HFCVD is also employed to deposit diamond 

films on larger sapphire wafers up to 2 inch size, like an intrinsic buffer layer with no 

pinholes and small graphitic phase content. Further characterization of material properties 

will be reported in Section 2.5 & 4.2. Such a diamond buffer layer is ready for boron 

doped diamond overgrowth, which will be the focus of next section. 
 

 

 

2.4.2 Overgrow of  boron doped diamond layer 

 

Several possibilities of doping diamond have been discussed in Appendix III. In the list 

of the candidates, element boron is the element, which dopes diamond most efficiently, 

although still being a deep acceptor. In the case of boron, full activation of carriers 

appears at a doping concentration of 10
20

/cm
3 

and above, due to mini band formation. 

Detailed explanations are given in Appendix III.  

 

In this investigation, heavily boron doped diamond is mainly used as the active electrode 

material, which needs to be quasi-metallically conductive. Then it will allow a redox 

current signal to tunnel through its space charge layer, which forms near the surface of 

the diamond electrode. Besides, the series resistor in the equivalent circuit is dependent 

on the electrode doping concentration. It is necessary to have a small resistance, 

otherwise a parasitic resistance in the electrode material may stretch the window and 

increase the peak separation when cyclic voltammetry is performed [49].  

 

To achieve a high doping concentration, the most straightforward way is to increase the 

boron concentration [B] in the reactor atmosphere during the growth process. Besides, [B] 

in the diamond film also depends on the grain orientation. This is due to a different 

incorporation efficiency within diamond crystal facets. Boron can be incorporated about 

10 times faster in {111} planes, as compared with {100} planes. Therefore, the BDD film 

with more {111} facets on its surface will show higher doping concentration compared 

with the one with more {100} planes. Therefore to achieve a growth with preferential 

grain orientation in this study, α-parameter engineering is applied (introduced in Section 

2.4.1). For example, in case of a large α-value (e.g. α = 3), grains grow faster in <100> 

orientation and also make {100} planes disappear earlier. Then grains which have <100> 

orientation may win the competition against others and finally terminate the growth of 

smaller neighbour grains, according to the Volmer-Weber mode. Figure 2-11 illustrates 

the grain topography of NCD films grown under different α parameters. The {111} 

planes of the diamond crystal, mentioned as planes with higher boron concentration, are 

marked with shadow patterns. It can be observed that as the α-parameter increases, the 

crystal shape transfers from cubic to octahedral and the {111} plane start to dominate. 

Here the diamond growth at α = 3 finally results in an octahedral morphology, where 

each diamond grain is covered by four {111} planes. 
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Figure 2-16 SEM image (upper) shows the cross section of a BDD multilayer structure on sapphire.  

(bottom) Its surface shows randomly-oriented grain morphology which uses the growth parameter α = 2.2.  

 

 

However, as more boron is incorporated into the diamond crystal, the diamond crystal 

lattice also becomes more distorted and thus generating more defects. One form of 

dislocations, twinning can reach a percentage of nearly 30% during the growth with the 

α-parameter larger than 2 [19]. More graphitic inclusions tend to form at low substrate 

temperature or/and by using a high methane/hydrogen ratio. They concentrate at grain 

boundaries, leading to smaller grain size as well as higher grain boundary concentrations. 

This type of material normally shows limited performance, if being used as the working 

electrode. Also, electron transport in this type of material is partially inhomogeneous.  

 

Generally speaking, to obtain growth of a NCD layer with heavily boron incorporation, 

besides the boron concentration in the gas phase, the diamond growth parameters could 

also be adjusted accordingly. In this study, a 250 nm BDD film is grown on an undoped 

buffer layer, which has been deposited on a quarter of a 2” diameter sapphire wafer 

(prepared beforehand using the growth parameters of process #4, listed in Appendix II) 

with its SEM cross section image shown in Figure 2-16 (top). By using growth 

parameters comparable to those of the intrinsic buffer growth, the BDD film outgrowth 

maintains the columnar grain configuration of the buffer layer. The SEM image in Figure 

2-16 (bottom) shows its surface topography. The growth with an α-parameter of around 

2.2 indicates a surface texture with composite facets, which should correspond to a high 

boron concentration and also moderate graphitic phase content. Actually, besides grains 

with <100> orientation, other textures could also be found on the surface. On one hand, 
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this is because the outgrowth time is still short, where competing growth is still on-going 

and grains in <100> orientation still prevail. On the other hand, defects like twinning 

frequently occur during growth, affecting the shape of individual grains. Even multiple 

twinning could appear, forming grains with a five-fold symmetry showing remarkable 

change at the surface topography [19]. This is a typical phenomenon, which appears 

when using a high α parameter. 

 

 

 
 
Figure 2-17 Test structures with different functions, cut from diamond on a sapphire wafer.  
 

 

To characterize the electrical properties of the doped diamond thin films, test structures 

are fabricated on diamond-on-sapphire substrates. Several types of test structures are 

employed, such as a Van der Pau structure for measuring sheet resistance, and Hall 

coefficient, TLM structures for measuring the contact resistance, and diodes of different 

geometries for capacitance characterization (see Figure 2-17). To fabricate the test 

structures, firstly, the electrical conductive layer is patterned forming isolated MESAs. 

This is done by etching through the doped layer down to the sapphire substrate through a 

multi-step RIE (Reactive Ion Etching) process. During the RIE process, Ar and O2 plasma 

is used for diamond etching, while CF4 plasma is used for SiO2 and Si etching. Then, a 

Ti/Au thin layer is deposited and patterned on the diamond MESAs and annealed to form 

Ohmic contacts [50]. More details about the electrical characterization of the doped 

diamond film and the doping level control are discussed in Appendix IV. 
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2.5 Electrochemical surface characterization 

 

As discussed in the previous sections, nanocrystalline diamond thin films have been 

grown on foreign substrates, showing properties comparable with natural single 

crystalline diamond. In this section, more information on their electrochemical properties 

will be given. 

 

The surface of as-grown CVD diamond is terminated with hydrogen due to the hydrogen 

atmosphere during the growth process. Before being used as a working electrode, firstly 

its surface termination will need to be altered from hydrogen to oxygen. This could be 

obtained through several manners, being plasma oxidation, wet chemical oxidation and 

anodic oxidation. A. Denisenko et. al have compared these methods, showing that a wet 

chemical treatment can transfer the surface termination completely to oxygen, without 

introducing unfavourable defects to the diamond surface [51]. The wet chemical 

treatment used in this study involves two steps. Firstly, the sample is immersed into 

chrome sulphuric acid (H2SO4: CrO3) at 80 ˚C to remove graphitic species from its 

surface. Then, the surface is cleaned in de-ionized water to dissolve possible chromic 

components. Secondly, a 10-min treatment using a mixture of sulphuric acid and 

hydrogen peroxide (2:1) is performed to complete the surface oxidation. 

 

 

 
Figure 2-18 Cyclic voltammogram and corresponding Tafel plot (see inset with current plotted in semi 

logarithmic scale) of NCD film grown on silicon and sapphire respectively.  

 

 

After the diamond surface is chemically oxidized, cyclic voltammetry is performed in 

simple electrolytes (with the NCD electrodes being the working electrode) (potentiostat 

from Princeton Applied Research, model: Parstat 2273). The measurement setup and the 

potentiostat parameters are described in Appendix V. Concerning the mild electrolyte 

environments in the case of cellular sensing, here the diamond surface is characterized in 

a 0.1 M KCl solution (pH 5.5) without adding any redox systems. A diamond-on-silicon 
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sample, which is grown under the same CVD process conditions, is prepared and used 

here for comparison. Cyclic voltammograms of both samples are plotted in the same 

diagram. Figure 2-18 illustrates that both samples possess potential windows of about 3 V. 

Also illustrated is the background current below 1 µA/cm
2
 in a wide range of the 

potential window in the semi-logarithmic scale. Note that in the cyclic voltammogram of 

both cases, there are small current peaks prior to the onset of oxygen evolution. This 

might be due to the adsorption and desorption of ions which have accumulated on the 

surface before oxygen evolution [52]. 

 

 

 

 
Figure 2-19 Mott-Schottky plot and its linear fitting line, from which the doping concentration NA is 
calculated. The measurement frequency is 80 Hz. 

 

 

The doping profile is extracted from CV and impedance spectroscopy data. The 

equivalent circuit shown in Figure V-2 (see Appendix V) is used to simulate the 

electrolyte-semiconductor contact. In the equivalent circuit, some elements are bias-

dependent while others are constant through the whole spectrum. For example, QDL has 

an almost constant value within the voltage range between -0.7 V and +1.3 V vs. SCE. 

By using impedance spectroscopy and numerical simulation, elements like QDL, n factor, 

electrolyte resistance, RDL are identified. Then the Mott-Schottky plot (recorded at a fixed 

frequency of 80 Hz within the potential range (-1.0 V, +1.6 V) vs. SCE) was made to 

identify the space charge layer capacitance CSC dependence on voltage bias, which is 

used finally to generate the doping concentration of the quasi-metallic layer of the 

working electrode. According to the measurement results, a boron doping concentration 

of about 3 x 1020 cm-3 is calculated. The model seems suitable here since all elements 

could be calculated with values in their typical range (also shown in Figure V-2) [51]. 

The comparison with heavily doped NCD films deposited on silicon substrates also 

shows good agreement. Note that the curve cannot be fitted with any single equivalent 

circuits for the entire potential window of the electrode. For example, at 1.3 V the Mott-
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Schottky curve starts to deviate owing to a small oxidation reaction, which is also 

recorded as a peak in the cyclic voltammogram. For this range a different equivalent 

circuit model configuration is needed.  

 

 

 
 

Figure 2-20 Cyclic voltammetry measurements of 50 mV/s in 0.1 mM H2SO4 + ethanol of different 

concentrations. The inset shows the peak current density measured at different ethanol concentrations. 

 

 

The wide potential window of boron doped diamond surfaces allows it to sense organic 

compounds, which can only be oxidized at high anodic potential. In this case, some 

organic compounds could be completely oxidized because of the generation of hydroxyl 

radicals, which are also generated at high potentials [52, 53]. For diamond, this is a 

significant application, while for electrodes made of other materials, e.g. Pt, Au or 

ruthenium dioxide, oxidation of many organic compounds does not happen within their 

narrow potential windows. In addition, organic compounds may be split into insoluble 

intermediates, which may passivate the surface and thus cause fouling. This effect will 

finally lead to the deactivation of the working electrode. In this study, organic 

compounds are oxidized at the working electrode, which is used as a testing method to 

characterize the BDD electrode. Ethanol of different doses is added into 0.1 M H2SO4 

electrolytes. Figure 2-20 shows that at a high potential bias (above + 2.1 V), next to the 

onset to oxygen evolution, the oxidation current level rises with the ethanol concentration. 

Similar oxidation current peaks cannot be found on Pt electrodes. Here the peak is 

actually merged into the oxygen evolution occurring from the water splitting reaction, 

shown in Figure V-1 (see Appendix V). Also within the potential window, no 

amperometric response related to the reaction with ethanol could be seen. However, the 

current peak does not give a steady maximal value, also, it is observed that the peak 

position is slightly shifted towards positive bias. These limitations could be regarded as 

typical electrochemical features of planar electrodes. In this study, sensing performance 

of diamond electrodes will be discussed and compared for different electrode 

configurations, more details will be given in the next chapter.   
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Therefore, the typical electrochemical properties of single crystal diamond are still 

preserved for NCD film after being grown on the sapphire substrate. The 3-V potential 

window as well as the low background current level shows that it will allow high-

sensitivity detection of organic molecules like ethanol, which can only be oxidized under 

high anodic bias. In the next chapter, targeting the cellular experiments, the development 

of ultra-small electrodes will be discussed. 
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3 Diamond ultra-small electrodes on sapphire 
 

 

 

 

     he development of diamond ultra-small electrode arrays will be discussed in this 

chapter. Using individually addressable ultra-small sensing dots, the electrode array can 

sense biochemical signals with high spatial resolution. The individual microelectrode has 

been scaled down to sub-micron dimensions to further improve its performance. 
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3.1 From macro electrode to ultra-small electrode  

 

 

At the beginning of this chapter, it is necessary to give clear definitions of several 

terminologies used for ultra-small electrodes. According the scale, from large to small, 

electrodes can be categorized as macroelectrode, microelectrode, ultra-small electrode 

and nanoelectrode. In this study, microelectrode and ultra-microelectrode (UME) are 

referred to electrodes, which are smaller in size than the diffusion layer length (typically 

around 25 µm). This is a critical dimension at which the diffusion profile on the surface 

of the electrode will be transferred from planar to spherical, indicating the enhancement 

of sensing properties. Here the sub-class “ultra-small” includes both microelectrode and 

sub-microelectrode. Note, that “sub-microelectrode” refers to sizes between 1 µm and 

100 nm. And the ‘nanoelectrode’ is used to describe an electrode in the range of several 

nanometers, a dimension which is actually already close to the Helmholtz double layer 

thickness or the scale of a single molecule. However, this part will not be the focus in this 

study. 

 

This study will concentrate on microelectrodes and sub-microelectrodes, whose sensing 

characteristics are mainly influenced by the diffusion profiles. Details will be discussed 

not only concerning sensing mechanisms, but also fabrication technologies as well as 

device properties. 

 

 

3.1.1 Time-dependent mass transport 
 

The diamond electrode structure is employed here mainly for amperometric sensing. In 

this case, there are three types of charged species to be considered: 

1) Negative and 2) positive ions in the electrolyte 

3) Carriers in the semiconductor (holes) 

The expression for the steady state material flux of species in a fluid includes three parts, 

being the ion current originating from diffusion, the ion current from migration and the  

ion current from convection,  derived as follows,  
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Equation 4 
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Where J is the flux of species, JD, JM, JC are contribution from diffusion, migration and 

convection, respectively. D is diffusion constant, ∇ is divergence, ϕ is electrical field, 

c is specie concentration, v the velocity of ion. 

 

Here, the ions transported between counter electrode and working electrode have in fact a 

conserved quantity. Especially, the two terms G and R are both time-dependent. They are 

involved, if there are chemical reactions to create or to consume ions. These chemical 

reactions will change the density as well as the proportion of ions in the vicinity of the 

electrode. And the equation involves both ‘positive’ and ‘negative’ symbols, meaning 

these reactions can also be limited by mass transport of ions. Therefore in a balanced 

condition, the sum of ion flux equals the sum of the ionic reactant consumption and ∂c/∂t 

equals zero. When the reaction is faster than the mass transport, ∂c/∂t will be smaller than 

zero. By using parameter J for the ion current from Equation 4 in the continuity equation 

(Equation 5), it will connect the time-dependent concentration of the species to the 

divergence of the material flux, leading to a time-dependent material transport equation 

for the flow of species in the fluidic medium. 
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Equation 5 

 

 

where G and R are generation and recombination rates of charges per unit volume and per 

unit time, respectively. In this study, since an excess of supporting electrolyte is used, the 

migration component JM could be neglected. Similarly, the convection component JC 

could also be removed from this expression. This is because without forced convection 

(e.g. in the case of a rotating disk electrode), the electrolyte can be considered as 

stationary solution. Therefore, Equation 5 can be simplified as  

 

 

 
Equation 6 

 

 

If both terms G(t) and R(t) could be ignored, we could obtain Fick’s time-dependent 

diffusion function. In reality, Equation 6 will have to be solved subject to specified 

boundary conditions. In the case of a planar macro electrode, the Cartesian coordinate 

system could be employed,   
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Equation 7 

 

 

Then the concentration near the electrode surface is defined by the following equation 

[54],  

 

 

)(),(
Dt

x
erfctxc b=  

Equation 8 

 

 

with c(x,t) as the concentration function of distance and time. cb is the concentration, erf 

is the error function, D is diffusion coefficient, and t is the time. Here (2Dt)1/2 is the 

diffusion layer thickness. By differentiating c(x, t) with respect to distance, the reaction 

current dependence of macro electrode on time can be obtained, known as Cottrell 

equation [55] 

 

 

t

D
nFctJ b ⋅
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π
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Equation 9 

 

 

where n is the number of electrons (to reduce/oxidize one molecule), and F is Faraday 

constant, 96485 C/mol. As mentioned, this equation describes the diffusion limited case, 

where planar diffusion dominates and the electrochemical response of the macro 

electrode is a time-dependent process. By substituting the time parameter t by the scan 

rate
-1

, leads to a linear dependence, where the current peak is proportional to the square 

root of the scan rate (scan rate)1/2. This equation describes an oxidation reaction, where 

reduced ions are oxidized in the vicinity of the electrode surface. This creates a 

concentration gradient and will in turn drive ions in the bulk solution to feed the volume 

towards the electrode near surface through diffusion. 

  

In this study a macro electrode is also prepared by depositing a heavily doped BDD film 

on silicon. This is tested by cyclic voltammetry to show the diffusion limited case, 

described by the Cottrell equation. This sample has been characterized electrically as 

well as electrochemically (for growth and electrical properties refer to Figure IV-4, the 

sample was boron-doped using 1 sccm TMB, for electrochemical properties refer to 

Figure 2-18: NCD on Si). Here [Fe(CN)6]
3-/4-

 and [Ru(NH3)6]
2+/3+

 redox systems with fast 

reaction rates were chosen, to allow ignoring of functions R(t) and G(t). During the 

charge transfer, the following redox reactions will happen:  

 

 

[Fe(CN)6]
3− + e− → [Fe(CN)6]

4− 
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[Ru(NH3)6]
3+

 + e
−
 → [Ru(NH3)6]

2+
 

 

 

The Two redox systems also differ from each other by distinct charge distribution within 

the ligand sphere. Quantum-chemical calculations of the charge distribution within the 

ion complex demonstrates that hexamine metal complexes(e.g. [Ru(NH3)6]
3+) have most 

of the excess charge located on the metal ion core, whereas hexacyano metal complexes 

(Fe(CN)6)
3- have it localized on the terminal nitrogen atoms of cyano ligands [56, 57]. 

This feature will bring different response rate to the scanning and the sensitivity to 

electrode surface microstructures. Therefore, [Ru(NH3)6]
3+

 becomes redox couple which 

is kinetically faster and better to penetrate and approach the electrode surface than 

(Fe(CN)6)
3-

. But [Ru(NH3)6]
3+

 is less sensitive to the micro structures and oxides on the 

electrode surface than (Fe(CN)6)
3-

, due to a larger charge transfer distance [58].   

 

Figure 3-1 illustrates the cyclic voltammogram for these reactions at different scan rates. 

Here a BDD thin film electrode is employed as working electrode. In the electrolyte there 

is 0.1 M KCl and 1 mM K4Fe(CN)
6
. The graph shows typical current profiles of the 

planar electrode. In the anodic regime, the redox couple related oxidation current starts to 

rise at a potential larger than + 0.14 V, following the Butler-Volmer equation (see 

Equation 28 in Appendix V). Then it starts to decrease after reaching a current peak. As 

discussed in the previous section, this is due to the limited mass transport because the 

reduced ions are consumed faster than ions transported to the surface by diffusion. Drawn 

in the inset are the peak values at various scan rates versus the square root of the scan rate. 

It shows that the current density j is linearly dependent on the scan rate (1/t)
1/2

. It matches 

very well the dependence described by Equation 9 indicating the typical planar electrode 

behaviour. 

 

 

 
 

Figure 3-1 A typical electrochemical response from a planar electrode in 0.1 M KCl with 1 mM K4Fe(CN)6. 

The inset shows the peak current dependence of the redox reaction on the square root of the scan rates.  
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The diffusion limitation can lead to several effects during amperometric sensing: 1) a 

stable signal current density is not available, making a static measurement difficult, 2) the 

peak current is influenced by many factors, such as scan rate, ion concentration and so 

forth. These make it difficult to evaluate ion concentrations by only measuring the peak 

current, 3) the current density is limited in comparison to that of a microelectrode. These 

effects are all related to the electrode size, and could be addressed/improved by adopting 

micro electrode geometries. Details will be discussed in Section 0. 

 

 

3.1.2 Electron tunneling 
 

 

At the electrode-electrolyte interface, what happens during the reaction is that the actual 

electron transfer process takes place between electronic and ionic conductors. For 

example, in an anodic process, an electron is transferred from an occupied molecular 

orbital of an ion or a neutral molecule within the electrolyte adsorbed on the electrode 

surface to an empty level in the conduction band of a metal electrode. In this study, the 

transfer current strongly depends on the boron doping concentration. Boron doped 

diamond needs to reach quasi-metallic doping concentration in order to form a thin space 

charge layer under voltage bias. This space charge layer should be ultra-thin to allow 

current to tunnel. In this study, as the doping concentration reaches above 10
20

/cm
3
, the 

space charge layer forming below the electrolyte /semiconductor surface is measured to 

be as thin as 3 nm. The Following formula shows J the density of the tunneling current, 

which strongly depends on the carrier density, NA  
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where ΦB is energy barrier height. ϵ0 represents the dielectric constant and ϵr the 

permittivity of diamond. It can be found that the current density increases exponentially 

with the square root of NA. Therefore the doping concentration should be high enough to 

allow current to tunnel through the space charge layer. However as paths for leakage 

current, defect networks will lead to an elevated background current level. A typical 

example is of an UNCD (Ultra Nanocrystalline Diamond) electrode with an even  smaller 

grain size, it may show electrochemical properties closer to graphite than diamond [60]. 
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3.1.3 Microelectrodes 

 

 

Since the microelectrode has its diffusion profile close to a half sphere, it is also possible 

to solve Equation 6 within spherical polar coordinates.  
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Equation 11 

 

which can be transformed to, 
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Equation 12 

 

 

where erfc(r,t) is the complementary error function, r0 is microelectrode radius, r is the 

radical distance from the center of the electrode. As the electrode size approaches the 

diffusion layer thickness d = (2Dt)
1/2

, the transport becomes time-independent. The 

concentration gradient starts to become dependent on the reaction time constant. After 

differentiating Equation 12 with respect to r, the current density can be expressed as 

following,  
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Equation 13 

 

 

It can be found that, as the size of electrode becomes smaller than (πDt)1/2, (1/r) will start 

to dominate, leading to another dependence as a linear relationship: 

 

 

0r

nFDc
j b=  

Equation 14 

 

 

Unlike the macro electrode case, here the ion concentration in the vicinity of the 

microelectrode does not decrease significantly with time. The process has become 
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actually only reaction-dependent. Therefore, in this case the current of a single disk 

microelectrode in a 2D configuration with a radium r0 can be calculated according to [61],  

 

 

04 rnFDcj b=  

Equation 15 

 

For a recess electrode structure, like shown in Figure 3-8 (c), another parameter L is 

introduced as the electrode depth. Then the current density becomes, 
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Equation 16 

 

 

 
 

Figure 3-2 Sketch: (a) diffusion model of planar electrode, (b) microelectrodes  and (c) interactions 

between microelectrodes due to short in-between distances. 

 

 

Although its reaction current is enhanced, considering the small electrode size, the 

microelectrode may still operate with a much smaller working current compared to any 

macro electrode. To compensate its low signal intensity, an array of a large number of 

microelectrodes is developed (see Figure 3-8(a)). Usually such an electrode array works 

in the way that all electrodes are connected from the backside. But the distance between 

the microelectrodes needs to be kept large enough, to prevent the diffusion profiles of 

neighboring electrodes from overlapping. Otherwise, the mass transport may again be 

dominated by planar diffusion. This change of profile is shown in Figure 3-2. The case a) 

illustrates the planar diffusion for the large-area planar electrode. The arrows used here 

illustrate the mass transport gradient. Case b) illustrates the semi-spherical diffusion on 

the surface of microelectrodes, where an enhanced hemispherical mass transport occurs 

and the current becomes independent of diffusion. Case c) illustrates that, as the 

electrode-to-electrode distance decreases to below 10 times of the electrode diameter, the 
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mass transport may act again like in the case of planar diffusion, like being calculated in 

[63].  

 

Microelectrodes also possess a small RC time constant [60]. Here a small interfacial 

capacitance leads to a fast charging/discharging process and hence a rapid response. For 

example, the time constant RC of a metal microelectrode is given by 

 

 

σπτ 4/0rCCR DLS ==  [64] 

Equation 17 

 

 

where RS is the solution resistance, CDL is the double-layer capacitance, r is the micro-

electrode disc radius, Co is the specific double-layer capacitance, and σ is the 

conductivity. The equation above is normally calculated for metal microelectrodes. It 

shows a linear dependence of the time constant on the electrode radius. This means for an 

electrode with a smaller r, its double layer will be charged/discharged faster. This 

characteristic will be beneficial for measuring fast signals, which often appear during 

biological recording, e.g. when measuring cell membrane signals (refer to Chapter 6). 

Also, one can achieve measurements at high scan rates with limited distortion. Note that 

for a semiconductor electrode, such as a diamond electrode employed in this study, its 

equivalent circuit will be different from that of a metal electrode. Here a space charge 

layer forms also in the semiconductor and may dominate with its smaller capacitance 

(explained in Appendix V). Therefore, the semiconductor electrode may show a different 

dynamic response as compared to a metal one. 

 

 

 
 

Figure 3-3 An electrochemical response from a BDD microelectrode array (consisting of 430 

microelectrodes, each one has radius of 1 micrometer) in 0.1 M KCl with 1 mM K4Fe(CN)6. Y axis has 

been normalized to the number of microelectrodes in the array. 
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In this study an array of 430 2 µm recess microelectrodes is prepared and characterized as 

working electrode in an electrolyte of 0.1 M KCl with 1 mM K4Fe(CN)6. The 

electrochemical response is shown in Figure 3-3.  Details about the design and fabrication 

of the microelectrode array are given in Section 3.1.4. Then the amperometric signal of a 

single microelectrode is calculated by normalising the total current onto the number of 

microelectrodes. The analysis shows that, first of all, the current signal reaches a plateau 

which is quite independent on the scan rate. Secondly, a significant feature of the 

microelectrode is its enhanced current density, in comparison with a planar electrode, 

which was characterized in the identical electrochemical environments (see Figure 3-1). 

One can find an enhancement to the current density of around 2 orders of magnitude (in 

an identical electrolyte with the same redox system).  

 

In the next section, the microelectrode and ultra-small electrode technologies will be 

discussed. 

 

 

 

3.1.4 Technology for microelectrodes 
 

Till now, in most MEAs designed for amperometric sensing, in particular diamond MEAs, 

hundreds and thousands of microelectrodes share the same back layer as the common 

contact. In this case, signals from all microelectrodes are summed up. As discussed in the 

previous section, in order to gain a high spatial resolution, which is significant for in vitro 

cellular recording, here a 2D array of individually-addressable microelectrodes is 

designed, to electrically record small biological targets, such as single cells.  

 

The development of a microelectrode technology involves basically two parts, being 

material growth and chip fabrication. The layout of the microelectrode array is designed 

especially for single cell sensing. As a conceptual device, it has a simple quadrupole 

configuration (2×2), where all 4 electrodes are designed to be individually-addressable 

and can work separately. Biological measurements on this device will be reported in 

Chapter 6. 

 
The fabrication process begins with depositing a highly boron doped diamond electrode 

layer on a double-side-polished sapphire substrate. The initial step is a BEN process 

which uses parameters involving a substrate temperature of 800 °C and a mixture of 

0.75 % CH4 in H2 at the pressure at 1.5 kPa (Process #21in Appendix II), resulting in a 

nucleation density of approximately 3 x 10
10

 /cm
2
. This step was followed by the 

outgrowth of a 200 nm undoped NCD layer (with Process #2) and then the deposition of 

a quasi-metallic boron-doped top layer of 350 nm (with Process #8). 

 

Considering the silicon nucleation layer in the material stack, it may corrode in the 

electrolyte and contribute to a parallel electrochemical activity, if in contact with the 

solution. Accordingly, a sidewall growth technique has been used here to isolate the 
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silicon interlayer from the electrolyte. This technique involves a step of non-isotropic 

etching, and then followed by a step of isotropic growth of intrinsic CVD diamond.  

Figure 3-4 shows the schematic process flow which involves the following details: a) the 

diamond thin layer is non-isotropically etched down to the silicon interlayer by RIE, 

using Ar + O2 reaction gas (1000 W RF power). Silicon and SiO2 are etched non-

isotropical using CF4 plasma (600 W RF power). The silicon layer is confirmed to be 

consumed, because the yellow shade of the film would otherwise remain (also refer to the 

absorption caused by silicon, shown in Figure 4-15). b) The process is continued by 

isotropically etching the silicon-based interlayer in a plasma barrel etcher. c) In the end, 

an isotropic overgrowth of CVD diamond is used to insulate the silicon interlayer. Figure 

3-6 (d-e) shows the SEM image of the final electrode structure. 

 

After the growth process, the material properties of BDD are characterized by measuring 

test structures, which show the electrical resistivity of the diamond thin film to be around 

10 mΩ·cm, being comparable with heavily boron doped diamond material (details refer 

to Appendix IV). The Electrochemical analysis of the BDD layer shows indeed desirable 

properties (details discussed in Section 2.5). The optical transmittance through this 

material stack shows a wide transparency window in the wavelength range between 350 

nm and 900 nm, illustrated in Figure 4-12. 

 

 

 
 

Figure 3-4: schematic diagram of the process of sidewall growth. This technique is used to isolate the 

silicon interlayer from the solution with epitaxial intrinsic diamond.  

 

 

The microelectrode array is fabricated by the following procedures (shown in Figure 3-6): 

2×2 arrays of 200nm-thick intrinsic diamond MESA have been patterned by optical 

lithography followed by dry etching in O2/Ar plasma down to the sapphire substrate. A 

quadrupole configuration is adopted, where a separation of 5 µm is kept between 

neighbouring electrodes. Then the 350 nm boron doped diamond layer is grown on top to 

add the diamond surface electrochemical functionality as well as the conductivity. 

Subsequently, Au/Ti ohmic contacts have been made on the boron doped diamond 

electrode structure. Finally, the outside of the sensing area was passivated with SU-8 

layer, leaving a circular area about 16 µm in diameter exposed to the electrolyte. The 

opening in the SU-8 layer is used to define the active sensing area for the sensing target, 
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in this study, a single chromaffin cell. Through this circle area, 4 diamond micro-

electrodes are able to perform individual sensing in parallel.  

 

Figure 3-6 (c) shows a microscopic image of the finished quadrupole structure. Then, the 

chip has been flip-bonded to the chip carrier with silver paste. A glass ring is fixed onto 

the chip to produce a electrolyte chamber with a capacity of 0.5 µl, as described in [65]. 

Here amperometric measurements were carried out with an Ag/AgCl counter electrode, 

which is not yet integrated on the wafer. 

 

An etching test in the concentrated hot KOH solution is performed as a final device check 

for possible pinholes. The etching mechanism is described in ref. [66]. It is known that a 

condensed KOH solution can etch bulk silicon at a high etching rate of more than 1 

µm/hour. In the case of diamond on sapphire, the KOH solution can flow through tiny 

pinholes within the diamond film and etch the silicon underneath. Since the thin diamond 

layer is highly transparent, the etching profile of silicon could be directly evaluated under 

a microscope. Given a longer etching duration, like one hour, pinholes can reach mm size 

and become visible even with the eye.  

 

 

 
 

Figure 3-5 Cyclic voltammogram of diamond MEA before and after testing in harsh environments. Scan 

rate for both curves is 50 mV/s. 

 

 

The diamond MEA structure is immersed in a KOH solution of 16 % wt at 65 ˚C for 60 

min. Thereafter, the sample is rinsed in DI water and observed under microscope. As 

compared to the image taken before the test, no obvious differences can be found. Similar 

measurements have been performed in the case of cyclic voltammetry for a comparison. 

Tafel plots are generated for both cases, indicating no additional Si-related activity 

(which has a much smaller potential window, thus showing a much higher anodic current) 

and a background current level of the diamond electrode of around 1 µm/cm
2
. 

 

During the in vitro test, this BDD microelectrode array is tested through amperometric 

measurements on mouse adrenal chromaffin cells (details refer to Chapter 6). The aim of 
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the experiment is to detect the currents caused by oxidizing catecholamine molecules 

released from the cell membrane.  

 

The electronics of individually addressable microelectrodes (developed by the A. 

Pasquarelli [67]) consists of a four channel custom-made voltage-biased current 

amplifier (transimpedance configuration) with a gain of 10
8
 V/A. The background noise 

has a spectral density of 50 fA/sqrt (Hz). All signals are low-pass filtered at 1 kHz by 

means of a 4th order Bessel-filter and then read out using a National Instruments USB-

6216 unit sampling with 16 bit resolution at a rate of 4kHz per channel. When operated 

with a Tyrode solution and an Ag/AgCl reference electrode, the overall background noise 

of the measurement system resulted in a value lower than 10 pA peak-to-peak [67]. 

 

 

  
 
Figure 3-6 Fabrication steps of the diamond microelectrode array: (a) nanocrystalline diamond thin film 

deposition on a 2” sapphire wafer using BEN and a silicon-based interlayer. (b) diamond thin film 

patterning with electrode-electrode distance of 5 µm (c) surface passivation with SU-8, leaving 16 µm 

opening as the sensing area. (d-e) shows the fabrication at the diamond non-isotropic overgrowth step, the 

side wall of multilayer structure is sealed. 

 

 

In this way, four individually-addressable electrodes can sense reactions individually 

across the cell area. However, the electrode-to-electrode distance is too small to prevent 

the diffusion profiles of adjacent electrodes from overlapping. It has been mentioned 

before that a distance should be kept for at least 10 times of the diffusion length (roughly 

equal to the electrode diameter) to maintain the sensitivity of the microelectrodes. Thus 

there are conflicting tendencies. On one hand, to sense with high spatial resolution, a high 

number of sensing elements needs to be placed within the cell area. On the other hand, 

the electrode-to-electrode space should be kept large enough, not to limit the sensitivity.  

 

Therefore, the solution is to further scale down the microelectrode i.e. to develop sub-

microelectrodes. Several technological barriers make it challenging to fabricate and to 

operate sub-microelectrodes. For example, as the dimension of the electrode reaches the 

resolution limit of UV-mask aligners, nanofabrication methods need to be employed. 

Also the device characterization will be challenging due to reduced signal intensity and 
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specific testing structures might need to be developed. More details are given in the next 

section. 
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3.2 Technology for ultra-microelectrodes and sub-micro electrodes 

 

 

3.2.1 Ultra-microelectrode array  

 

Growth of Electrode material: 

The sapphire wafer is coated with a 200 nm undoped diamond layer. This step was 

performed by HFCVD with 0.25% CH4 in H2, at a substrate temperature of 750 ˚C and 

under a reactor pressure 2.5 kPa (process # 2 in Appendix II). Subsequently, 300 nm 

quasi-metallically boron doped diamond was deposited by HFCVD under the conditions 

listed as Process # 4. After surface oxidation, the diamond film sheet resistance is 

measured to be around 300Ω/sq. And the resistivity is calculated to be about 10 mΩ·cm. 

 

Processing:  

The ultra-microelectrode configuration is mainly defined during the selective growth step. 

First of all, a composite metal layer is patterned and employed as the growth mask, which 

is firstly patterned by e-beam lithography and then deposited by e-gun evaporation (see 

Figure 3-8). Being used as the growth mask, the metal multilayer has to withstand the 

growth condition of the diamond CVD process. It means that the adhesion should be able 

to bear the thermal stress and should not lead to any peel-off or cracking during heating 

up/cooling down phases of the CVD process. Also after the selective growth step, it 

should be possible to remove the mask without damaging other device functions. Here a 

composite metal layer of Ti/Pt is deposited. Both metals are physically stable at the high 

growth temperature. Here Pt is used to inhibit diamond growth, while Ti is used to 

enhance the adhesion. In the array, 40 µm inter-electrode spacing is kept for 2 µm 

electrodes and 10 µm for 500 nm electrodes respectively.  

 

Growth of NCD as a surface cap layer was performed by HFCVD under the following 

conditions: substrate temperature 750 ˚C, chamber pressure 2.5 kPa, CH4/H2 ratio equals 

to 0.25%. The growth lasted for 2 hours, resulting in a undoped NCD diamond 

passivation layer of about 200 nm thickness. After growth, the metal stack is removed by 

wet chemical etching, leaving only the BDD sensing surface area exposed to the 

electrolyte. 

 

Figure 3-8 shows the fabrication procedure of the ultra-microelectrode array. The dark 

dots in Figure 3-8 (a) represent an array of electrodes, covering all together about 0.2 % 

area of the total diamond surface, which is exposed to the electrolyte. After the CVD 

process, it is observed that all metal dots are still mechanically stable, showing no 

peeling-off or buckling. As discussed, the metal mask used for selective growth (Figure 

3-8 (b)) could then be removed wet-chemically. The SEM image (Figure 3-8 (c)) shows 

the BDD electrode has a recess profile. The AFM (Figure 3-8 d) analysis shows the cross 

section of a single-dot ultra-microelectrode. Certainly, this depth could still be adjusted 

by changing the CVD diamond growth rate, if needed. Finally, a standard PTFE foil is 
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employed to passivate the device, leaving an opening of 1mm in diameter, in which we 

count 430 ultra-microelectrodes exposed to the liquid.  

 

 

 
 

Figure 3-7 Fabrication process applied to develop ultra-small electrode array. 

 

 

 
 
Figure 3-8 SEM image of ultra-microelectrode array: (a)ultra-microelectrode array with interelectrode 

distance of 40 µm (b)SEM image of a single 2 µm electrode covered by metal growth mask. Background in 

the image is an undoped NCD layer overgrown on the BDD layer surface. (c)2-µm BDD recess electrode 

after removing the metal mask through chemical etching. (d)AFM scans of the cross section of a 2 µm 

electrode, 200 nm NCD passivation can be seen. (e)Before measuring, the diamond ultra-microelectrode 

array is packaged in PTFE foil except for an opening of 1 mm in diameter, where 430 single ultra 

microelectrodes are exposed to the electrolyte as sensing elements. 

 

 

The microelectrode array is characterized by a potentiostat (technology discussed in 

Appendix V). Figure 3-9 (a) shows cyclic voltammograms of electrodes in 0.1 M KCl 

mixed with 1 mM [Ru(NH3)6]
3+/2+ (The electrochemical features for redox systems have been 

introduced in Section 3.1.1.) The scan is made at two different rates, involving a slow rate 

of 20 mV/s and a fast one of 500 mV/s. The reaction current density depends on the scan 
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rates match well with the typical behaviour for microelectrodes. The current level 

measured at a scan speed of 20mV/s shows in fact a remarkable agreement with Equation 

15.  

 

 

        
 
Figure 3-9 shows the electrochemical response of an array of 430 microelectrodes (Ø = 2 μm with 40 µm 

spacing) in analyte (a) of 1 mM [Ru(NH3)6]
3+/2+

 with 0.1 M KCl and (b) of 1mM K4Fe(CN)6 with 0.1 M 

KCl ) respectively. In (a) the dashed line is the theoretical value calculated according to Equation 15. 

 

 

Figure 3-12 (b) shows the chemical response to the analyte consisting of 1mM 

K4Fe(CN)6 in 0.1 M KCl. Being similar to the case of [Ru(NH3)6]
3+/2+

, here The current 

density is almost independent on the scan rate, indicating the typical characteristic of 

microelectrodes. In this case, the oxidation reaction appears at 0.2 volt (vs. SCE). In 

addition, in the case of fast scanning, only little distortion of the signal level is found. 

This shows also that the current is dominated by spherical diffusion instead of planar 

diffusion like in the case of macroelectrodes.   

 

But this current level is about 50% below the theoretical value for the reaction with 1 mM 

Fe(CN)6
4-

, while 100 % current density is observed in the case of [Ru(NH3)6]
3+/2+

. As 

discussed in Section 3.1.1, in this case most of the excess charge is located at the metal 

ion core, unlike the case of Fe(CN)6
4-

, where it is mostly localized on the terminal 

nitrogen atoms of the cyano ligands. Therefore, [Ru(NH3)6]
2+

 could be a kinetically faster 

redox couple and able to better approach the electrode surface. Also the redox reaction of 

[Ru(NH3)6]
2+

 is less sensitive to the surface microstructures like defects and especially 

oxides. 

 

 

3.2.2 Technology for single-dot ultra-small electrode 

 

2 µm single-dot electrode: 
Figure 3-10 shows the cyclic voltammogram of a single-dot 2 µm electrode in the 

electrolyte of 0.1 M KCl. Here a typical potential window of about 3.0 V is observed (the 

onset of oxygen/hydrogen evolution is defined by the current level of 100 pA, which 
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corresponds to 25 µA/cm
2
 in the case of a Ø 1 mm macroelectrode. (This definition will 

be kept further on when defining a potential window.) Figure 3-11 (Left) shows the 

cyclic voltammogram of the 2 µm single-dot electrode in 0.1 M KCl with 1mM 

[Ru(NH3)6]
3+/2+

 with scans at different rates of 20 mV/s, 100 mV/s and 500 mV/s, 

respectively. The background current increases when a higher scan rate is used. This 

should be attributed to the capacitive current. Since the ratio of passivated area to sensor 

area becomes much larger than the case of the ultra-microelectrode array (the current 

through single dots is obtained by normalising the total current), the capacitive current 

also rises because of the larger parasitic capacitance of the passivated area. Besides, in 

the cyclic voltammogram, the reduction currents start to rise at -0.1 volt, being a typical 

reduction potential for [Ru(NH3)6]
3+/2+

. Here plateau currents are rather scan rate 

independent. And the current level is in fact in a good agreement with the theoretical 

current value (of 180 pA calculated from Equation 15 and highlighted by the dashed line).  

 

 

 
 

Figure 3-10 Cyclic voltammogram of 2 µm single electrode in 0.1 M KCl solution. 

 

 

 
 

Figure 3-11 (Left) Cyclic voltammogram of 2-µm single electrode in 0.1 M KCl solution with 1 mM 

[Ru(NH3)6]
3+/2+ 

analyte. For the calculation of the theoretical value a diffusion constant of 6×10
-6

 cm
2
/s is 

used. (Right) Cyclic voltammogram of 0.1 M KCl and 1 mM Fe(CN)6
4-

 at different scan rates, from 20 

mV/s up to 500 mV/s. 
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Figure 3-11 (right) shows, the electrochemical response of the ultra-microelectrode in the 

anodic regime in electrolyte of 0.1 M KCl with 1mM Fe(CN)6
4-

. Here hemispherical 

diffusion still dominates and the anodic response should be related to the oxidation of 

Fe(CN)6
4-

. The increasing background current should be due to the larger passivation area, 

as already discussed. For different scan rates, the oxidation curves all appear at +0.3 volt 

(vs. SCE). At +0.5 volt, a plateau appears however without remaining flat like the case of 

[Ru(NH3)6]
3+/2+

. Instead, the current continues to increase quasi-linearly with potential. 

This is similar to the case of the microelectrode array and probably could be related to the 

electrochemical nature of the Fe(CN)6
4- reaction, which is slower a redox couple as 

[Ru(NH3)6]
3+/2+. Here since Fe(CN)6

4- could be more sensitive to surface defects, this 

might reflect these to some degree. Certainly, further analysis is necessary. In addition, 

the amperometric signals remain still quite scan-rate independent matching the spherical 

diffusion limited case.  

 

500 nm single-dot electrode: 
Figure 3-12 shows the SEM image of a single sub-microelectrode before and after metal 

mask removal. The fabrication of this sub-microelectrode follows a similar procedure as 

in the case of the ultra-microelectrode involving E-beam lithography, which is employed 

to pattern the electrode dots. Due to the smaller scale, technological parameters like 

exposure, development and lift-off process had to be re-tuned. Take the metal mask for 

example, the below-1-µm dot size will lead to a metal mask of a high aspect ratio (e.g. 

height /diameter = 3: 5 in the case of 500 nm dot) and a conical shape (see Figure 3-14 

(c)). After removing the metal mask by wet chemical etching, with the opening to the 

boron doped layer (serving as back contact) the device starts to look like a recess BDD 

electrode. Finally, as the second passivation layer, an Epoxy film (SU-8) is deposited. 

 

 

                  
 

Figure 3-12 SEM image of one sub-microelectrode with its outside area passivated with epitaxial diamond. 

(Left) with metal mask (preventing overgrowth) and (Right) 500 nm recess electrode after removing the 

conical metal stamp.   

 

 

Figure 3-13 (Left) shows the electrochemical response of the sub-microelectrode in the 

electrolyte of 0.1 M KCl with 1 mM [Ru(NH3)6]
3+/2+

. Here the electrochemical response 

should be related to the oxidation of [Ru(NH3)6]
2+

. Since this recessed electrode has a 

comparable depth (200 nm) and diameter (500 nm), it will be suitable to apply the recess 

microelectrode model (Equation 18). Not taking into account the surface roughness and 



3.  Diamond ultra-small electrodes on sapphire 

 

 

58 

the fabrication tolerance, the reaction current is calculated to be around 22 pA for the 

single submicroelectrode (Ø 500 nm). The current density actually reaches this value at – 

0.2 V, which is the formal redox potential, measured in the case of the 2-µm dot. But then, 

instead of stabilizing, the oxidation current continues to rise without showing a typical 

plateau. A possible reason may be the influence of graphite phases, which primarily exist 

in grain boundaries. For sub-microelectrode, it is possible to have more grain boundary 

content within the active area. And graphite phases show a higher background current. 

Besides, by comparing with the case of the 2 µm electrode, the contribution of the 

capacitive loading of the passivated surface area is increased. 

 

Figure 3-13 (Right) shows the electrochemical response to the electrolyte of 1 mM 

K4Fe(CN)6 + 0.1 M KCl. Here a high noise level is observed. But the typical capacitive 

loading current hysteresis does not appear. The oxidation currents start to increase at a 

potential of 0.1 V, which matches in fact quite well the potential bias needed to 

anodically oxidize Fe(CN)6
4-

. If compared with [Ru(NH3)6]
3+/2+

, also here the plateau is 

less pronounced. However, this feature has not been analysed further.  

 

 
 
Figure 3-13 (Left) electrochemical response of Ø 500 nm single electrode to 1 mM [Ru(NH3)6]

3+/2+
 in 0.1 

M KCl analyte in the cyclic voltammogram. (Right) electrochemical response of Ø 500 nm single electrode 

to 1 mM K4Fe(CN)6 in 0.1 M KCl analyte in the cyclic voltammogram. The cyclic voltammogram in pure 

0.1 M KCl is also shown as reference for both diagrams. 

 

 

Four sub-microelectrodes have also been integrated on one chip forming a 2×2 sub-

microelectrode quadrupole array (discussed in Section 3.1.4). The quadrupole 

configuration is adopted with modified parameters applied, e.g. each electrode has a 

diameter of 500 nm as well as inter-electrode distance kept as 10 µm. All electrodes in 

the array are individually addressable. Figure 3-14 illustrates the fabrication procedure of 

such a BDD sub-microelectrode array as follows: a) the boron doped diamond layer is 

patterned to form the MESA, which involves sensing areas and 4 conducting leads 

extending towards the outside. b) The magnification of the SEM image shows the 2×2 

BDD recess electrode arrangement in more detail. An Infinite resistance is measured 

between the leads which proves that no cross talk is present, although some secondary 

growth is found outside the BDD MESA area.  
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Figure 3-14 Fabrication of sub-microelectrode array based on a quadrupole structure (2×2). a) BDD layer 

patterned into MESA. b) 2×2 array of BDD ultra-small electrodes formed after the overgrowth of the 

undoped NCD passivation layer. Note that the passivation of the side-walls leads to an edge with contrast. c) 

Oblique view of the ultra-small electrode array after the overgrowth with the undoped NCD passivation 

layer. d) Test module with sub-microelectrode array.  

 

 

Over-etching in the mesa fabrication step may improve this situation, by eliminating all 

possible nucleation sites on the sapphire. Side-wall growth is also applied to eliminate the 

influence from the interlayer, showing a double edge on the MESA. c) Metal masks are 

patterned with E-beam lithography to allow the selective growth of the intrinsic NCD 

layer. After the epitaxy of the intrinsic NCD, the metal masks did not peel off or detached 

from the surface. d) The microfabrication process is finished by the deposition of an 

intrinsic diamond thin layer and an epoxy passivation layer, as the final overcoat of the 

conducting circuit. This sensor chip was then flip-bonded on a specially-designed carrier, 

which involves 4 metals contacts for hybrid-integrating with its mother board. Through 

its Ø 3 mm opening, a fluorescence microscope could be focused from the bottom side on 

the sensing target, which will sit in the center of the sapphire chip. Note, that a glass ring 

is installed and bottom-sealed on the chip carrier to form a measuring chamber for 

biological media. The chamber volume is calculated to be about 150 µL which will last 

for at least 30 min before the aqueous media totally evaporates in the standard lab 

environment. The portable setup is developed by A. Pasquarelli [65]. Figure 3-15 shows 

cyclic voltammograms from two sub-microelectrodes of the 2×2 array, which were 

recorded in parallel by the portable setup. The recorded cyclic voltammogras for two 

sensing dots show background current densities below 30 pA in a wide potential range, 
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about 4.5 V. However, this does not necessarily mean that the effective diamond potential 

window is enlarged. It should be more likely attributed to external parasitic potential 

drops, since a similar wide potential window is not found in the case of 500 nm single 

dots by on-chip measurements. Nevertheless, it shows also almost identical profiles for 

both electrodes, suggesting a reproducible fabrication technology as well as process 

control. 

 

 

   
 
Figure 3-15 (Left): cyclic voltammogram and (Right): Tafel plot of the 500 nm sub-microelectrode array in 

parallel sensing mode. Here only two electrodes are activated. 

 

 

 

3.2.3 Passivation for single ultra-microelectrode 

 

According to Equation 16, the amperometric signals from single-dot ultra-small 

electrodes will be much weaker compared with those of macro electrodes. To obtain 

signals with a large signal-to-noise ratio, the key is to suppress the background noise to a 

certain level. In this investigation, a composite passivation layer is developed specifically 

for single-dot ultra-small electrodes. By using this passivation layer, the background 

current could be suppressed down to the pA level.  

 

As discussed in Appendix V, the background current in the cyclic voltammogram is the 

contribution of several sources, including leakage current, equipment noise and 

capacitive loading. A pA-level signal current could be detected (refer to Figure 3-11) 

only when it is above the noise floor. In this study, the DC leakage through the NCD 

layer is the main source and mainly due to graphitic phases at grain boundaries. Such 

leakage currents may range from 1 µA/cm2 to 100 µA/cm2, depending on the graphitic 

phase concentration. The capacitive current is caused by charging/discharging of 

capacitive elements, e.g. the double layer and space charge layer, the latter of which 

forms at the electrode surface and may vary under different voltage bias. But the most 
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important, passivation layers will also contribute to capacitive currents, which depend 

then on to the overall geometry and material dielectric constant. 

 

 
 

 
 

Figure 3-16 (Top) the diagram of the cross section and corresponding electrical equivalent circuit for 

passivated single-dot electrode under certain voltage bias. (Bottom) Optical microscopic image of one 

single-dot electrode with epoxy passivation.  
 

 

Figure 3-16 (Bottom) shows an optical microscope image of sample surface passivated 

by multilayer stack. Here all electrodes are covered by the epoxy film except for an area 

of Ø 16 µm, where one ultra-microelectrode is exposed to electrolyte as the active 

sensing element. Figure 3-16 (Top) shows the cross section of the composite passivation 

layer on this ultra-microelectrode. Film thicknesses as well as the corresponding 

equivalent circuits for dynamic signals are both illustrated. From top to bottom, employed 

are three passivation films: 1) a standard PTFE foil is used to coat and to package the 

sample. This layer will isolate the whole structure from the electrolyte. 2) An epoxy layer 

with a thickness of 5 µm is deposited to passivate the conducting leads (arms) of the 

electrodes. Here the DC leakage coming from diamond grain boundaries will be totally 

blocked. 3) An undoped NCD layer is epitaxially deposited on top of the BDD layer to 

define the area of the recess electrode. 

  

The recess configuration will not significantly limit the mass transport at the electrode 

interface. Refer to Equation 16, it shows that for microelectrodes with 2 µm diameter and 

200 nm depth, the amperometric signal amplitude will not largely reduce. Thanks to the 

small area of the diamond electrode, both DC leakage current as well as capacitive 
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current through the diamond layers are calculated to be in the range of 10 fA. However in 

the parasitic area surrounding the active electrode area, the parasitic leakage current and 

capacitance are dominated by the diamond intrinsic cap layer and the epoxy layer, which 

is here about 5 µm thick. This thickness is needed for robustness and insulation. DC 

leakage through this epoxy layer and PTFE foil are below the pA-range. Figure 3-16 

(Upper) also illustrates the electrical equivalent circuit, where both diamond layers, i.e. i-

NCD and BDD are replaced by RC circuit elements while the epoxy layer and PTFE foil 

are symbolized by capacitors only. But the capacitive loading current through the Epoxy 

and PTFE foil is calculated to be in the range of 10 pA at the scan rate of 50 mV/s, 

matching well the measurement results.  

 

The cyclic voltammogram of this single ultra-microelectrode in simple electrolyte (0.1 M 

KCl) is shown in Figure 3-10. Its background noise remains at the level of around 10 pA 

throughout the entire window of water dissociation. As discussed in last paragraph, this 

current density aligns with the value of capacitive loading from the epoxy layer and 

PTFE foil which are used as the passivation. 

 

 

 
 

Figure 3-17 (Right) illustrates the dependence of the plateau current on the electrode size. Both 

measurement responses and calculated values are shown. Error bars have been added according to the 

observed signal noise. Analytes are 0.1M KCl and 1 mM redox systems (marked in graph). (Left) shows 

the theoretical dependence of reaction current on electrodes sizes below half micron.  

 

 

Figure 3-17 summarizes the amperometric response of ultra-small electrodes with 

different dimensions. The grey area is magnified and displayed on the left showing the 

current dependence for electrodes smaller than 500 nm. Note that the dependence is not 

absolutely linear due to the recess depth, according to Equation 16. In addition, being 

used in the identical electrochemical environment, the signal-to-noise ratio reaches 

around 18 for the 2 µm microelectrode, but less than 10 for the 0.5 µm diameter electrode. 

This is due to the steady background noise level, which is mainly dependent on the 

passivation layer influence in this case. It has been mentioned that some small sensors are 

required to have sizes in the order of 50 nm, which is about the size of a membrane ion 
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channel. Then, as shown in Figure 3-17 (Left), the background noise needs to be 

suppressed below the pA level. To reduce the capacitive loading, one possibility will be 

to find passivation materials with sufficiently small dielectric constants. Another solution 

will be to make the film thicker, but a thicker passivation will in turn increase the 

effective recess depth of microelectrode, which is not desirable. 

 

In summary, by using a composite passivation layer, we suppressed the background 

current of single ultra-microelectrodes down to the pA level. But the background current 

may need to be further reduced for sensing with smaller electrodes.  

 

In this chapter, the development of diamond ultra-small electrodes (2 µm and 500 nm) 

and their electrochemical characterization have been discussed. By integrating the ultra-

small electrodes into the quadrupole configuration, the electrode array has shown being 

able to perform parallel sensing, with also the potential to integrate a larger number of 

sensing dots in small areas. 
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4 Towards parallel sensing with fluorescence microscopy 
 

 

   n this chapter, a conceptual sensor operating in the electrical/optical dual mode is 

discussed. It combines two sensing modes, being electrochemical sensing ̶ by BDD 

microelectrodes and optical sensing ̶ through fluorescence microscopy. To allow the 

observation through the fluorescence microscope, the optical properties of BDD 

electrodes are thoroughly investigated and improved by a technological modification to 

the BEN process. 
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4.1 Dual sensor concept description 

    

This section will focus on the conceptual setup of the dual sensor ( 

Figure 4-2 shows the schematic view). The bottom part is the fluorescence microscope 

setup, while the top part is the microelectrode array setup (refer to Section 3.1.4).  

 

Fluorescence is the emission of the light from the material, stimulated by absorbed light 

or other electromagnetic radiation. The emission wavelength is normally longer than that 

of the absorbed light. Fluorescence microscopy is used in biomedical sensing as a non-

destructive way of tracking biological molecules, which carry fluorescence markers. It 

allows the identification of cells and cellular components with a high degree of 

specificity. With a fluorescence microscope, a cell biologist is also able to detect tiny 

targets, ranging from cellular nanostructures [68] to single molecules [69]. Figure 4-1 
shows the schematics of a fluorescence microscope. 

 

 

 
 

Figure 4-1 schematic of an epifluorescence microscope, where light beams are marked. Filters are applied 

to filter out the monochromatic beam [64].  

 

 

When a light beam passes through the excitation filter, it becomes monochromatic. After 

being reflected by a dichroic mirror, it travels downwards through the objective lens and 

focuses on the specimen. Here the specimen is stained by one (or possibly several) 

fluorescence marker(s), which absorbs the light (normally the light of shorter wavelength, 

like UV) and emits the fluorescence light of longer wavelength. Transparent specimen 

will allow most of the illumination to pass through, except the reflected excitatory light 

and the emitted light, which will travel back and be collected by the detector. Between 

the detector and the dichroic mirror, another emission filter is used to filter out the 

remaining light from excitatory reflections [70].  
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As discussed in Chapter 3, this microelectrode array allows electrical recording of a 

single cell via 4 individually-addressable electrodes at the same time. The simultaneous 

recording of electrochemical reaction peaks is shown on the right hand side. Here each 

oxidation peak (see magnification) corresponds to a single fusion event, which should be 

observed by the fluorescence microscope simultaneously from the bottom. As discussed 

previously, without physically damaging biological structures, the fluorescence 

microscope can track biological molecules in a non-destructive way. Detailed 

physiological analysis of the electrical response will be discussed in Chapter 6. 

 

 

 
 

Figure 4-2 sketch of the concept of combined electrical recording and optical recording using a 

fluorescence microscope. Here the microelectrode array consists of 4 individually-addressable electrodes, 

on which each sensing area is marked as a yellow dot on the electrode arms [61].  
 

 

These two technologies being both precise measurement techniques are in fact 

complementary to each other. Take a typical cellular event, exocytosis (a cellular 

membrane event, introduced in Section 6.1) for example, here as discussed above, both 

techniques can be used to analyze exocytose dynamics. The microelectrode array can 

quantitatively sense molecules outside the cell membrane, while the fluorescence 

microscopy can follow the entire process, including intra-cellular behavior, which cannot 
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be detected easily by electrical methods at present. However, the microelectrode array, 

which uses planar sensing elements, can detect cellular structures from the backside of 

the cell, while the optical method is principally a surface method, where optical signals at 

different depths tend to overlap. 

 

To allow parallel sensing at the same time, both the microelectrode array and the 

fluorescence microscope need to be technologically modified, since the optical signal of 

the fluorescence microscope will have to pass through the microelectrode array, whose 

optical properties become critical. Therefore the whole structure has been made of highly 

transparent material, including the diamond electrode, diamond conducting leads, 

diamond buffer layer and the sapphire substrate. However, the reflection from the rough 

surface and interfaces may still reduce the transparency of the entire stack. In this 

following section, we will discuss on the optimization of the optical transmittance of the 

electrode material stack.  

 

Also necessary is a technological modification to the fluorescence microscope. To be 

observed by the fluorescence microscope, the specimen should be positioned within its 

focus depth. The focus depth for a microscope with submicron resolution would be 

around several hundred microns. As shown in  

Figure 4-2, the measuring chamber, containing the cell and the liquid media, makes it 

impossible to place the objective lens very close to the cell. An alternative method will be 

to place the objective lens at the rear side, if the sapphire substrate (substituting for a 

glass slice normally employed for fluorescence microscopy observation) is thin enough to 

allow focusing. To bring the lens close to the sapphire substrate, holes are drilled into 

both the PCB board and the chip carrier (see Figure 3-14(d)).  

  

Another requirement will be to use robust fluorescence markers, which can still remain 

active under the high anodic test potential. During the measurement at high anodic 

potential, the area close to the electrode may be still under high bias stress, where 

adjacent organic molecules could be oxidized during the measurements. This may also 

mean to render the stained cellular structure inactive. 
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4.2 Optical properties of the electrode multilayer structure 

 

As mentioned in the last section, the signal-to-noise ratio of the fluorescence microscope 

is directly related to the transparency of the sample. Therefore, it will also be significant 

to have a wide transmittance spectrum of the electrode multilayer structure.  

 

Thus, in this section the optimization of the optical properties of the multilayer stack 

(schematic illustrated in Figure 2-1) will be discussed. The light loss through the 

multilayer structure will be evaluated layer by layer. The light loss includes all photons, 

which deviate from the vertical beam or are absorbed, due to various reasons. 

 

In this multilayer structure, the film does not possess uniform optical properties in the 

vertical direction. Firstly, the nucleation layer may cause light absorption due to its 

silicon interlayer. Also, the diamond film nucleates as nanocrystals possibly with 

graphitic content, which will also cause absorption and scattering. Secondly, the diamond 

film itself may influence the optical transmittance, mainly due to surface scattering and 

the reflection at the interfaces, and probably also interference at grain boundaries. 

 

In this section, the optical properties are measured and discussed in conjunction with 

electrical and electrochemical properties as well as corresponding synthesis conditions. 

Two nucleation methods, BEN and seeding together with two growth techniques for 

diamond outgrowth, HFCVD and MPCVD are employed and compared. 

 

 

 

4.2.1 Optical properties of undoped CVD diamond layers 

 

Intrinsic single crystalline diamond is highly transparent in a wide spectrum ranging from 

225 nm to 12 µm [28]. As mentioned in Section 1.3, CVD-grown polycrystalline 

diamond films can show many material properties approaching their natural counterpart. 

Nevertheless, they may still be limited in transparency, where the intensity loss of an 

incident light beam through an undoped CVD diamond layer could be attributed to 

several factors including: 

 

 

• Reflection loss at the interfaces between diamond and foreign media 

• Light scattering at the interfaces within the bulk of polycrystalline material 

• Absorption by defects like point impurities and dislocations 

 

And each of above factors is a function of wavelength.  

 

 

Reflection loss:  
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The light reflection on the surface could be specular or diffuse, depending on the surface 

characteristic (see Figure 4-3). On an ideal smooth surface e.g. a mirror, incident light 

which strikes the surface will be reflected by an angle following the reflection law. But 

on a perfectly matte surface, all the reflected light will travel equally in all direction from 

-90º to 90º (refer to the normal line). In reality, the most cases we deal with will have a 

combined mode of both, being ‘specular + diffuse’ (see Figure 4-3 (right)). The reflected 

light is also found in all directions due to the diffuse reflection but with pronounced 

intensity in some angular regime, due to the contribution of the specular component. So 

the intensity profile of the reflected light will be dependent on the nature of the surface.  

 

 

 
 

Figure 4-3  from left to right, there are three reflection modes. Specular reflection which happens at a 

smooth surface like mirrors, ideal diffuse reflection which happens at a surface with the perfectly matte 

properties (described by Lambertian model) and the most normal case which combines both components.  

 

 

The mathematical expression of the light reflection on a ‘real’ surface, as a function of 

the material surface nature (Rq, m), has been published by H.E.Bennett and J.O.Porteus in 

1961 [71]: 
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Equation 18 

 

 

Here (a) is the specular component, in which SR stands for the specular reflectance at the 

surface. And, formula (b) describes diffuse reflection at the surface. TR is the sum of both 

formula (a) and (b), or ‘total reflection’. R0 is the theoretical reflectance of a perfectly 
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smooth surface of the sample material, Rq is RMS roughness of the sample surface, m is 

the RMS slope of the sample surface, θ is the detection angle to the normal incidence 

(here the angle of incidence equals to 0 º) and λ the wavelength of the light beam.  

 

In detail, Equation 18 shows that if a material surface is illuminated with parallel light, 

the reflected light contains two components. (a) Specular reflection: (in this formula only 

the case of normal incidence is considered) when the surface becomes perfectly smooth, 

SR reaches its maximal value, which is the theoretical reflectance (and can be calculated 

using the refractive index from Table 4-1). (b) Diffusely reflected light shows a 

dependence of the surface parameters, Rq and m. The parameter θ is the detection angle 

of the measurements apparatus and referred to as the normal line. As discussed above, the 

total reflectance is the sum of both (a) and (b).  

 

By using different material parameters in Equation 18, the light reflectance at surfaces 

with different roughness plotted in a wide spectrum is shown in Figure 4-4. For all light 

beams the same incidence angle of 0° was used. The light reflected back (the maximum 

of the reflection angle is 90° off the normal line) is included. For each curve, it could be 

found that at shorter wavelength, diffuse reflections tend to dominate. And at longer 

wavelength, specular reflection will contribute most, with a maximum loss as 29 %, 

determined by the refractive indexes of diamond and air. Here a RMS slope (0.78) is 

extracted from previous AFM measurements of NCD sample (refer to Figure 2-13) and 

applied to for different roughness conditions. 

 

 
 

Figure 4-4 plotted is Equation 18 for the light reflection at the air/diamond interface: light scattering loss 

dependence on wavelength for NCD samples with different surface roughness Rq and for an incident light 

angle of 0˚ (vertical incidence). Here assumed is a constant the refractive index of diamond (n = 2.4) 

through the whole spectrum. 

 

 

Among reflection curves from different surface conditions, it could also be observed that 

the surface roughness causes reduction of specular reflection and dramatic increase of 



4. Towards parallel sensing with fluorescence microscopy 

 

 

71 

diffuse reflection. This conclusion matches the observed results and can be then used to 

explain the slope of the transmittance spectra in Figure 4-6. This analysis suggests an 

initial estimation of the roughness limit for CVD diamond film surface. To keep a 

desirable optical transmittance, the surface roughness should be no more than 30 nm 

(rms). Besides reflection, the rough surface could also cause refractive transmission, 

which may be part of transmittance loss as well. 

 

As discussed, light reflection can occur at the interface between materials of different 

refractive indexes. Table 4-1 shows related refractive indexes of materials, indicating the 

reason why more light tends to be scattered from a nanocrystalline diamond surface 

compared with a fused silica surface. During MEA chip operation, the diamond 

microelectrode array has a diamond/electrolyte interface where the aqueous solution has 

a refractive index of about 1.33 (see Table 4-1). On its bottom, reflection may appear at 

the sapphire/diamond interface.  

 

 

Material Refractive Index 

Material λ (nm) n T (ºC) 

Vacuum 589.29 1(by definition)  - 

Air 589.29 1.000293  0 

Water 589.29 1.3330  20 

Diamond 589.29 2.419  25 

Silicon oil - 1.52045  20 

Sapphire - 1.762-1.778  - 

Silicon 500 3.96  - 

Fused silica 589.29 1.458  - 

 
Table 4-1  refractive index of some optical materials [72, 73] λ the wavelength of transmittance, n the 

refractive index while T indicates the measuring temperature.  

 

 

Light scattering within the material:  
Grain boundaries are internal surfaces of the polycrystalline film, which separate grains 

of different orientations from each other. However, for NCD thin film investigated here, 

light loss within the diamond grains may not be critical due to several reasons. First, 

since the incident light has a longer wavelength than the film thickness, it should not be 

scattered within the grains themselves. Second, diamond has an FCC lattice structure, 

which shows an isotropic index of refraction (see Figure 4-5) among grains. This is 

different from a hexagonal lattice, which is birefringent, meaning the refractive index 

depends on the orientation of the vector of the incident light relative to the axes in the 

crystal grain [74]. Therefore the diffuse reflection happening in hexagonal polycrystalline 

material may not be noticeable in a FCC lattice. Third, a CVD-grown polycrystalline 
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diamond film can possess narrow grain boundaries, which mainly align in the vertical 

direction, causing less light absorption. 

 

As already mentioned, two nucleation methods, seeding and Bias Enhanced Nucleation 

are used to initialize the CVD diamond growth process. The transmittance of the samples, 

which are grown using these two nucleation methods, has already been compared and 

discussed in Chapter 2. Subsequently, the outgrowth is performed with two CVD 

techniques, HFCVD and MPCVD.  

 

In this section, the two CVD technologies will be compared by depositing undoped 

diamond layers. A spectrometer from Ocean Optics Inc. (Model: USB2000 UV-VIS) is 

employed to record the optical signals within the spectrum from 200 nm to 1000 nm. 

Both samples, after being treated with the BEN process, will be a 3-layer material stack, 

which involves the sapphire substrate, the nucleation interlayer (may not exist for the 

seeded sample, depending on the recipe) and the layer of diamond nuclei. During the 

experiment, samples are placed between the light source and a CCD sensor array with the 

diamond side facing the incident light. 

 

 

 
 

Figure 4-5 illustrates the mechanism of diffuse reflection at thin film material with different 

crystallographic structures. The light loss of the in-line transmittance is higher for alumina with HCP lattice 

(Right) than diamond with FCC lattice (Left). 

 

 

Shown in Figure 4-6 are spectra for samples with NCD on seeded sapphire substrates 

outgrown for 30 min and 2 hrs, respectively. As already mentioned, due to the weak 

adhesion, diamond film tends to peel off after a growth over 2 hours (growth parameter 

as process #12 listed in Appendix II), which corresponds to an overgrowth thickness of 

around 200 nm. Therefore films measured here are not thicker than 200 nm. As 

mentioned in Section 1.2, after passing through a CVD diamond crystal, approx. 30 % 

light is lost (measured at the wavelength of 500 nm) due to the reflection at the interfaces. 

In comparison, in the case of sapphire/air interface, the outgoing light flux is reduced by 

less than 20 % of the incidence intensity. For both cases, a smooth surface and uniform 

refractive index are assumed (sapphire, diamond, air refractive index refer to Table 4-2). 

Accordingly, it could be concluded that the sample surface of the case ’Seeding + 30min’ 

is not yet completely covered by diamond material. The full surface coverage with 

diamond is only obtained after 2 hours CVD growth (see sample ’Seeding + 2h’) 

according to its transmittance intensity.  As already discussed, the enhanced absorption 

found in the blue-violet region (for both curves) could be attributed to the diffuse 

reflection at the material surface, also reported by other studies [75, 76]. This is because 
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light with shorter wavelength tends to be more scattered on a rougher surface (see Figure 

4-4). Besides, no Fabry-Pérot fringes are found, since the film thickness is still too thin, 

for the first interference to appear.  

 

 

 
 

Figure 4-6 Optical transmission through seeded samples plus 30 min and 2 hours outgrowth, respectively. 

Besides the duration, all growth parameters are identical for both cases. 

 

 

As mentioned in Section 2.2, the employment of a silicon interlayer allows deposition of 

thick NCD films on sapphire substrates. Here the growth parameters of ‘process #5’ are 

used for the HFCVD process and ‘process #14’ for the Microwave Plasma CVD process, 

respectively. The Material analysis shows that grown with different technologies, two 

NCD samples display different material properties e.g. average grain size and surface 

roughness. According to the AFM analysis, the HFCVD sample shows a roughness about 

13 nm (rms) and an average grain size of 65 nm compared to 26 nm (rms) and 150 nm for 

the MPCVD sample. Figure 4-7 shows transmittancy curves of these two samples, where 

the Fabry-Pérot fringes appear due to reflection-incident interference.  

 

Regardless of the surface roughness influence, the transmission spectrum through a thin 

film deposited on a thicker substrate can be described by a complex function, T = T (λ, s, 

n, d, α) (Keradec 1973, Mini 1982). This transmission intensity function could be 

simplified to Equation 19, after setting the extinction coefficient to k = 0. 

 

 

2cos DxCxB

Ax
T

+−
=

ϕ
 

where 
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A = 16n2s

B= (n + 1)3(n + s
2)

C = 2(n2 - 1)(n2 - s2)

D = (n - 1)3(n - s2)
{ = 4rnd/m

x = exp(- ad).

 

Equation 19 

 

In the above equation, n and s are refractive indexes for NCD and sapphire, respectively, 

d the NCD film thickness and α the absorption coefficient of the NCD film. φ is the phase 

of the wave. Figure 4-7 shows measured transmittance spectra for two NCD films 

deposited by different technologies but of identical thickness. Then the different periods 

for the two transmittance spectra could be related to their different refractive index. As a 

material parameter, the refractive index n and the extinction coefficient k depend more on 

the NCD material itself, being strongly related to the growth parameters [77]. Here it 

could be found that the film prepared in HFCVD shows a larger refractive index n than 

the MPCVD sample, suggesting a higher defect density, which actually matches the 

smaller average grain size, observed for the HFCVD sample. As an energy-related and 

thus a wavelength-dependent function, the absorption coefficient α is also influenced by 

defects incorporation, like absorption edges in the spectrum, energy states, which are 

induced by impurities etc. Last but not least, as already discussed, the surface roughness 

which causing mainly the slope at short wavelength and equal loss at longer (see Figure 

4-4). However, measured results indicate that the MPCVD sample has a rougher surface 

as compared to the HFCVD sample. The same trend is shown in Figure 4-7 only for a 

specific wavelength of λ > 600 nm. This result is not clear and probably due to different 

absorption dependences. For example, the plasma in MPCVD tends to be a harsher 

environment especially in respect to the silicon layer, which could then be more 

consumed before the NCD growth is initiated. Further investigation has not been 

performed.  

 

 

 
 

Figure 4-7 Optical transmission through two 400 nm diamond films outgrown by different technologies. 

The inset on the right shows the sample loading configuration in the measurement setup. 
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4.2.2 Effects of the nucleation technology on material transparency  

 

The nucleation layer consists of not only the diamond phase, but also of graphitic phases, 

SiC phases and so forth. These impurities could also limit the optical transparency of the 

material stack. In particular, residual silicon can cause strong absorption in a wide range 

of the spectrum. In this section, transmittance properties of the samples prepared using 

both nucleation technologies will be discussed. 

 

Seeding:  

UDD seeding (the process has already been discussed in Section 2.3) is performed 

directly on the sapphire substrate with the vertical transparency characterized before and 

after the process (see Figure 4-7). As discussed already, a transmittance above 80% 

suggests that the surface is actually not completely covered by nuclei. Otherwise no more 

than 70 % of the light could pass through the diamond/air interface due to the reflection 

loss. At short wavelengths, the seeded sample on sapphire substrate shows a cut-off 

wavelength at around 220 nm. This absorption edge at around 220 nm in Figure 4-7 could 

be attributed to two reasons. On one hand, it may be associated with the diamond energy 

bandgap. On the other hand, it could be due to the surface roughness from diamond 

nuclei, which cause absorption at DUV regime due to small surface roughness. Both 

factors will actually suggest that diamond nuclei are deposited on the sapphire substrate. 

Besides, the transmittance intensity measured after the seeding process seems to be 

attenuated by 1 to 5% throughout the visible light range.  

 

 

 
 

Figure 4-8 Transmission spectrum of double-polished sapphire wafer before and after seeding. 
 

 

BEN with silicon interlayer:  
Figure 4-9 shows the transmittance spectrum of a sapphire substrate before and after the 

BEN process using a silicon interlayer. The transmittance shows a cut-off wavelength at 

360 nm and a peak at around 480 nm, which then stabilizes at around 50 % for longer 

wavelengths till measurement window edge. Single crystalline diamond (given pure 

material, no defects in any form) is almost equally transparent in the spectrum between 
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225 nm (ultraviolet) and IR (discussed in Section 1.2). Also the fist interference peak will 

not appear for a CVD diamond film thinner than 100 nm, according to Equation 19. Refer 

to the spectrum of the bare sapphire substrate (shown in the same graph), it may be 

inferred that the silicon interlayer causes the extra absorption.  

 

 
 

Figure 4-9 the transmission spectrum of double polished sapphire after BEN (using a silicon-based 

interlayer involving 50 nm silicon layer).  A bare sapphire substrate is also measured and shown in parallel.  

 

 

 
Figure 4-10 Diagram for absorption depth of silicon vs. wavelength, adapted from absorption coefficient 

function α(λ), derived from the data published by Green, 2007 [78]. 

 

 

Being an indirect semiconductor, silicon has an absorption edge of the indirect transition 

in the IR regime, thus the bulk silicon becomes non-transparent to visible light. Its direct 

absorption edge appears at around 360 nm, as shown in Figure 4-10. Then the absorption 

depth of silicon dramatically increases for the wavelength longer than 360nm. In contrast 

to the penetration depth about 10 nm at 360nm, a 1 µm depth is shown for 500 nm. The 

TEM analysis performed after the BEN process (Figure 2-6) indicates, that there is still a 

30 nm thick silicon layer left (50 nm was deposited before). The marker line added to the 
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chart shows that almost no transmittion of radiation shorter as 360 nm will be possible. 

Considering the dependence of absorption depth on wavelength in Figure 4-10, it can be 

concluded that the 30 nm Si-film indeed caused this large attenuation. 

 
 

4.2.3 Transparency of boron doped diamond 

 

When being moderately doped with boron, diamond shows a blue colour. But when being 

heavily doped (above 10
20

/cm
3
), it becomes black due to strong absorption in the visible 

light spectrum.  

 

There have been very a few detailed reports on boron doped diamond optical properties, 

e.g. W. Gajewski [79] reported recently that in BDD films, as the doping concentration 

increases, the optical absorption coefficient increases accordingly. Photothermal 

deflection spectroscopy measurements results were processed to generate the dependence 

of absorption coefficient αE on wavelength (shown in Figure 4-11). Also measured are 

PCD and NCD thin films with different boron doping concentrations, ranging from 

undoped (bottom) to heavily doped (top). Obviously, the value of αE rises in a wide 

spectrum with boron doping concentration. Note, that for heavily doped diamond samples, 

the absorption function becomes almost wavelength-independent. This characteristic 

matches the color transition of boron doped diamond stones, from blue to black. The 

absorption coefficient αE describes the loss of light due to the absorption during the light 

transmission, where αE includes in most cases an energy dependence.  

 

The dependence of the transmittance intensity on distance z and αE  is, 

 

 

I(z) = I0e-a E z
 

Equation 20 

 

 

where its reciprocal value αE
-1

 is the average depth, which a photon travels in this 

material before it is completely absorbed. According to Equation 20 and Figure 4-11, 

given a BDD film with a thickness of 200 nm, a sample with a boron doping 

concentration of 3.3 × 1021/cm3 may lose 63% transmittance intensity (at 2.5 eV). This is 

an undesirable absorption in the case of fluorescence microscopy applications, where the 

resolution depends directly on the number of photons passing through the sample and 

objective lens. But also considering that the high doping concentration is essential for a 

BDD electrode, the doped layer needs to be kept ultrathin but still with an acceptable 

sheet resistance. 

 

Two boron doped electrode layers of different thickness were prepared. There are BDD 

top layers of 130 nm (growth parameters: #7 in Appendix II) and 500 nm (growth 

parameters: #6 in Appendix II) both grown on 200 nm an intrinsic buffer layer, which 
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were prepared by employing HFCVD growth and BEN for nucleation. Here used is the 

same TMB flow as in the growth process of BDD on silicon, the film has been measured 

to be heavily doped (NA > 10
20

/cm
3
). Here two BDD layers were grown using identical 

growth parameters except for the growth duration. Figure 4-12 illustrates the 

corresponding transmittance spectra, together with spectra of a sapphire substrate and 

intrinsic buffer layer as references.  

 

Before comparing the transmittance between two BDD samples, still some factors should 

be excluded beforehand due to their influences. Especially the Fabry-Pérot fringes, 

which here mainly depend on film thickness, will modify the transmittance intensity. 

Therefore, in this analysis, when the intensity is read out, a midline is taken from the 

sinusoidal profiles (Fabry-Pérot fringe) to exclude the fluctuation caused by the 

interference. 

 

 

 
 

Figure 4-11 Photothermal Deflection Spectroscopy absorption coefficient αDPS calculated for NCD 

samples. The onset at about 0.8 eV is attributed to transitions from the π-π* band. 

(Reprinted figure with permission from [79], Copyright 2009 by the American Physical Society.) 

 

 

For the sample ‘+ 130 nm BDD’: using an absorption coefficient extracted from Figure 

4-11, which corresponds to a boron concentration of 2.7 × 1019 /cm3, a light loss of 7% at 

2.4 eV through 130 nm BDD film could be calculated, according to Equation 20. If the 

midline of the sinuous function (see Figure 4-12) is taken to estimate the intensity, the 

sample i-NCD buffer+130 nm BDD shows a light loss of around 9% at 2.4 eV (500nm) 

compared to the sample with an i-NCD buffer only. This is still in a fair agreement with 

the calculated data. As being discussed, a thin film will bear a light loss from several 

factors, e.g. light reflection at the interfaces, light absorption at nucleation layer and other 

defects. As all these factors are accounting for a total loss of 2 % loss, it indicates that 

light absorption by boron is a major factor for the loss of transmitted light. 
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A similar calculation done for the sample ‘+500nm BDD’ indicates that as lights passes 

through a 500 nm BDD thin layer with a doping concentration of about 2.7 x 10
19

/cm
3
, 

23% 2.4 eV photons are lost during the transmittance. The transmittance measurement 

shows (see Figure 4-12) a light loss between 20% and 30% in the measured spectrum 

compared to the bare intrinsic buffer. The tansmittance intensity loss reaches 27% at 500 

nm wavelength (or photon energy 2.4 eV). Here the 4% could be attributed to more 

photons scattered at the film surface, which is rougher as the case of 130 nm BDD layer 

due to increased average grain size.  

 

The analysis indicates again that apart from the reflection light loss, boron should be a 

major factor for the loss of transmittance. Therefore a thin but highly boron doped layer 

will allow significantly higher transmittance.  

 

 

 
 

Figure 4-12 Transmittance spectra of 4 samples: from top to bottom, sapphire substrate, 200 nm intrinsic 

nanocrystalline buffer layer (i-NCD buffer), i-NCD buffer+130 nm BDD, i-NCD+500 nm BDD. 

 

 

In summary, boron doping will cause additional absorption and reduce the transparency 

of CVD diamond film. Therefore, the quasi-metallically boron doped diamond layer 

(doping concentration above 10
20

 cm
-3

, more discussion will be given in the appendix) 

needs to be kept as thin as possible. Out of similar motivation, a technology using metal 

grids is developed to reduce residual silicon left after the BEN process. More details will 

be given in next section. 
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4.3 Highly transparent nucleation layer using metal grids 

 

 
 
Figure 4-13 illustrates the BEN fabrication process step using metal grids (Pt). Here, it is assumed that the 

thin Si layer has been consumed during the process. 

 

 

To fully utilize the transparency window of diamond, the transmittance loss caused by the 

residual silicon at the nucleation interface should be either entirely consumed, 

transformed to SiC, or reduced to a thickness essentially smaller than the light absorption 

depth. Therefore, in this study, a technique using on-wafer thin metal grids is developed 

to allow the applied bias to spread rather uniformly across the wafer surface and to 

achieve a high nucleation density yet without leaving residual silicon. Thus, a metal grid 

is employed here to provide electrical conductance during the initial phase and to ensure 

a uniform electrical field distribution on (in this case) 10 × 10 mm sapphire substrate. 

After nucleation is achieved on the substrate, the metal layer can be removed by dry/wet 

etching, leaving a diamond MESA pattern on the substrate. 

 

Here, to select the metal material, several factors should be taken into account. It must be 

physically as well as chemically stable at diamond growth temperature, e.g. it should also 

not melt, agglomerate or react with other elements in the CVD chamber. Here platinum is 

chosen as the main functional part. Platinum was chosen due to its high melting point of 

1772 ˚C (Thin film agglomeration and recrystallization may occur at ~ 900 ˚C, still above 

the BEN temperature [80]). Also, it has been used for diamond film selective growth on a 

silicon substrate as a nucleation inhibitor [80]. It is expected that diamond nuclei would 

concentrate within the areas surrounded by the metal pattern. Besides, a thin Ti layer is 

deposited underneath the Pt layer to enhance its adhesion. 

 

In Section 2.2, experimental results show that a silicon layer of at least 50 nm is needed 

to obtain a high nucleation density on sapphire substrates. But in this case, thanks to the 

metal grids, the silicon layer may not need to be thicker as 20 nm. And after the process, 

this Si layer may be entirely etched, if not converted to SiC by hydrogen radicals during 

the process, leading finally to the possibility of a silicon-free interface.  
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Figure 4-13 illustrates the fabrication procedure of using a metal grid on sapphire for 

BEN. First of all, the metal grids are fabricated on the substrate, followed by the 

deposition of a thin silicon layer. Then during the BEN process, H-plasma consumes the 

Si layer or transfers it to another phase, like SiC which is transparent to visible light. 

After the diamond is deposited on the substrate, the grid should be removed. In this 

investigation, finally diamond MESA islands with the dimension (width of the rectangle 

area shown in Figure 4-14) up to half a millimetre are obtained on sapphire substrates. 

 

 

 
 

Figure 4-14 SEM image and EDX element analysis of the sample after the BEN process. Prior to the BEN 

process, a 20 nm-thick silicon layer was deposited with the metal grid patterned using micro fabrication 

technology. (a-d) illustrate the EDX element concentration profile of oxygen, carbon, platinum and silicon, 

respectively. (e) shows path lines of EDX scanning. (f) SEM image of nucleation with BEN without the 

metal grid and (g) SEM image of nucleation with BEN using the metal grid. 

 

 

After the BEN process, the sample is characterized by EDX for element analysis and by 

SEM for topography evaluation. Figure 4-14(e) shows the nucleation area (within the 

rectangle) which is surrounded by the metal thin layer (it shows as grids in a macroscopic 

view). The SEM image of high magnification (Figure 4-14 (g)) shows that within this 

area, the distribution of nuclei reaches a density slightly above 1010/cm2, a bit lower than 

in the case of BEN performed on sapphire using a thick silicon interlayer (shown in 

Figure 4-14 (f)). The nuclei on the substrate are uniformly distributed showing no 

nucleus-nucleus distance above 50 nm. SEM scanning in the secondary electrons mode is 

normally used to reveal the sample topography, but it could also show some other 
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material characteristics, e.g. electrical properties. Here Figure 4-14 (f) shows a larger 

contrast between nuclei and the background compared to Figure 4-14 (g). This indicates 

that diamond nuclei are deposited on materials of different electrical conductivities or 

probably also different vacuum work functions. The dark background in Figure 4-14 (f) 

should be attributed to the residual Si left over from the BEN process. And the contrast 

gets smaller in Figure 4-14 (g) because, as the silicon thin layer is etched away, and the 

insulating sapphire substrate becomes exposed.  

 

After the SEM topography characterization, EDX (Energy-dispersive X-ray spectroscopy) 

is used for identifying chemical elements. It allows us to measure the composition of the 

sample according to the intensity of characteristic X-ray emission lines. Here, specific 

scans are made to evaluate the distribution of each element i.e. carbon, oxygen, silicon 

and platinum (scan line shown in Figure 4-14(e)). Carbon scanning (Figure 4-14 (b)) 

shows a clear carbon concentration profile, which matches exactly the nucleation area 

pattern. Here, the carbon signal should be caused exclusively by diamond nuclei, thus 

suggesting probably a lower nucleation density within the nucleation area. This is 

confirmed also by SEM observation afterwards. The reason why more nuclei are found 

on the metal grid might be due to the local enhanced electrical field, which then weakens 

with distance from the metal. But more analysis is still needed to verify this hypothesis.  

 

Figure 4-14(e) illustrates the silicon concentration along the scanning line. Again, the 

results indicate the clear influence of the metal grid. Within the nucleation area, it is 

expected that silicon is consumed during the BEN process by forming silane, which is 

gaseous. A small part of silicon could be left over in the form of SiC, otherwise its 

reaction to form SiH4 will require overcoming of a large energy barrier. This was not 

expected since silicon is equally deposited on the entire substrate. A possible explanation 

could be that a Ti-Si alloy is formed at elevated temperatures of the BEN process. This 

alloy may become chemically stable against hydrogen radicals thus being able to stabilize 

the silicon elements within the grids area. 

 

For oxygen, a high intensity is found within the nucleation area (see Figure 4-14 (a)). 

Oxygen is not intentionally introduced into the reactor during the process. Due to missing 

of load lock, here a small amount of oxygen could have entered during exposure of the 

reactor to atmosphere. But several process procedures are performed to eliminate oxygen 

(or water, which will be split into oxygen and hydrogen under the process condition), e.g. 

multiple cycles of pump-purge with N2 gas, and a baking step (of 750 °C) before the start 

of the process. However, an oxygen peak will be generated by the sapphire substrate, 

which is exposed as the silicon thin layer is etched. In addition, it seems that the platinum 

layer, which is only 4-nm thick, cannot be sensed by EDX (see Figure 4-14 (c)). Here the 

signal at a level much lower than 10 (AU) is believed to be only noise. 

 

Besides EDX and SEM, optical transmittance characterization is also performed for both 

cases i.e. with/without the metal grid. We have compared both cases directly after the 

boron doped layer growth. Here, 3-hour BDD outgrowth using process #4 in Appendix II 

is performed. The samples went through an analysis by optical microscope, SEM, and 

AFM, which all show a closed surface with no pinholes. Figure 4-15 shows the 



4. Towards parallel sensing with fluorescence microscopy 

 

 

83 

transmittance spectra of NCD samples, where a metal grid was used during the BEN 

process. Both samples have around 130 nm epitaxial boron doped diamond layer on top. 

‘Grid + 300 nm NCD’ stands for the sample using a Pt grid plus 3-hour NCD growth. 

Sample ’50 nm Si + 300 nm NCD’, already shown in Figure 4-12, is also presented for 

comparison. It could be seen that ‘Grid + 300nm NCD’ allows light with the wavelength 

shorter as 360nm to pass through, showing also no cut-off frequency in the optical 

spectrum. Besides, above 360 nm, the transmittance is enhanced. The steeper slope for 

the sample ‘Grids + 300nm NCD’ should be due to light scattering at the film surface. It 

has been discussed in Section 4.2.1 that the steep slope may indicate more light scattering 

at the rough surface. 

 

 

 
 

Figure 4-15 Optical transmittance of samples, from top to bottom: sapphire substrate, BDD sample on 

sapphire using metal grids (Grid + 300 nm NCD) and the NCD sample grown using 50 nm Si interlayer (50 

nm Si + 300 nm NCD). 

 

 

To test the electrochemical properties, the sample ‘Grids + 300 nm NCD’ is encapsulated 

by a PTFE foil except for an opening of 1 mm in diameter. Here diamond is used as the 

working electrode (following the configuration refer to Figure V-3). The cyclic 

voltammogram shows an equally-wide potential window (compared to prime BDD 

electrodes on silicon) and the background current being around 1 µA/cm
2
 indicate no 

microdefects like pinholes in the diamond film. The film remains electrochemical stable 

for first 100 potential cycles.  

 

In summary, this technique allows using of an ultra-thin silicon interlayer to achieve high 

nucleation density. During the BEN process, the silicon layer is largely consumed to a 

negligible level according to the optical transmittance characterization. The spectroscopy 

measurement shows that the transparency of diamond on sapphire is enhanced and 

especially the 360 nm cut-off disappears from the spectrum. Also, 3-hour overgrowth 

leads to an electrode-grade BDD thin layer. Initial electrochemical investigations show 

typical properties of a BDD electrode. This technique allows depositing of millimetre-
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size BDD MESA structures on the sapphire substrate, which could be suitable for device 

structure fabrication. But still, to deposit and to pattern the metal layer, extra lithography 

and etching processes are required. Also, the size of diamond MESA structures may limit 

the layout design. 

 

 

 
 
Figure 4-16 Cyclic voltammogram of BDD electrodes grown on sapphire substrates. Nucleation techniques 

used: for the sample “50 nm Si + BDD” (BEN + silicon interlayer is used); for “Grids + BDD” (BEN + 20 

nm Si + metal grid is used). 
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5 GaN transistors as switch and potentiometric sensor 
 

 

 

        iscussed in this chapter will be the monolithic integration of GaN HEMTs (High 

Electron Mobility Transistors) into a diamond ultra-small electrode array (technology 

discussed in Chapter 3). A discrete device is developed for device optimization, 

functional testing and the calculation of the device characteristics. 
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5.1 General concept 

 

The conceptual quadrupole device (2 × 2 microelectrode array) has been discussed in 

Chapter 3. It possesses 4 individually-addressable microelectrodes, being able to sense 

cellular targets with minimal spatial-temporal resolution. Physiological signals from a 

single cell have been measured with this device, with details discussed in Chapter 6. 

However, to achieve a higher spatial-temporal resolution during recording/stimulation 

cellular targets, it is critical to work with a larger number of sensing elements integrated 

in one array. Naturally, it would be also significant to scale down the dimension of each 

sensing element. Actually, if one looks at the MEAs developed for electrophysiological 

analysis in last decades [81], it could be found that there has been a technology trend 

towards high density sensing configurations. However, traditional MEAs operate 

normally with less than 100 individually-addressable channels [81], since each single 

transducer has to contain a hybrid connection to an individual external circuitry on a non-

semiconductor substrate. But this hybrid configuration is approaching its bottleneck, as 

the maximal number of the contacts, which can be realized on a single chip is reached. 

The solution is to use Si-substrates with on-chip multiplexing architectures [1]. In the 

case of a CMOS-based MEA, thanks to the on-chip electronics, such an array is able to 

operate to date with 16,384 microelectrodes for simultaneously potentiometric sensing 

/stimulating [82], which are however not transparent. 

 

Traditional hybrid integration realized through wire or flip bonding on multi-chip 

assemblies may provide a solution for a short term. But the application can be strongly 

limited by the interconnects and the difficulties of space/area arrangement on the chip. 

Therefore a direct monolithic approach of integrating both sensing elements and their 

conditioning electronics will be an optimum solution. In this study, we want to have high-

performance transistors alongside diamond microelectrodes and use them as conditioning 

units. 

 

On one hand, naturally, one will first turn to a monolithic solution realized with the 

identical semiconductor material also in the case of diamond. But until now, the 

development of diamond electronics is still strongly limited, due to the fact that an 

effective n-type donor is still missing. Even none of the conceptual devices, like the p-

type boron δ-doped channel FET or the p-type Surface Channel FET (details referred to 

Appendix III) are mature enough to be implemented.  

 

On the other hand, mostly being deposited on SiC substrate, but also on sapphire 

substrates, GaN HEMTs are able to operate with much higher carrier mobility. This is 

because there the carriers can move quickly in a quantum well created by the 

heterojunction of two different band-gap materials, which provides a very thin layer of 

highly mobile carriers, namely 2-Dimensional-Eletron-Gas (2DEG). This configuration 

also allows HEMTs to operate with a higher transconductance as compared to Si-CMOS 

transistors. This is indeed an advantage for the transistors to be used for sensing 

applications [83, 84]. Due to their high transconductance a small variation of the gate 
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potential can be transformed into a relatively large change of drain current. Besides, as a 

ceramic-like material deposited at a temperature of typically 1000 ˚C, GaN devices can 

remain chemically stable up to high temperature. It has recently been shown that the 

InAlN/GaN heterostructure (lattice matched to GaN) has been stable up to at least 

1000 °C (in vacuum), and that HEMTs could be operated at a temperature above 900˚C  

(in vacuum) [78] suggesting the possibility of depositing diamond films onto this 

heterostructure. The proof-of-the-concept device as a monolithically integrated GaN 

transistor with a diamond electrode has already been reported by M. Dipalo et al [42]. 

Another significant advantage of a GaN transistor is the transparency of its material stack. 

Not only GaN, but the entire material stack of InAlN/AlN/GaN/AlN/sapphire will allow 

light of a wide spectrum to pass through with very limited absorption. Like in the case of 

diamond on sapphire, the transparency of the substrate will not be essentially reduced by 

the GaN heterostructure material stack. 

 

 

 
 

Figure 5-1 Shown is the device concept which combines the diamond microelectrode array with GaN 

transistors, developed in collaboration with P. Herfurth et al, Ulm University. From top left to down right, 

there are (A) packaged device, where the chip is bonded on a PCB carrier. Through the opening of the 

carrier, fluorescence microscopy observation is possible from the rear side. (B) The microscopic image of 

the chip, with a 3×3 microelectrode array in the center, surrounded by two different types of transistors: (C) 

a GaN transistor working as amplifier (left) [42]; (D) a GaN transistor as switch, courtesy P. Herfurth 2013 

(SEM image). 
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In this study, based on GaN transistors and diamond micro devices, the development of a 

microelectrode array with high spatial resolution may allow to track the propagation of 

neuronal signals and specific cell membrane processes even in harsh or toxic 

environment. Figure 5-1 illustrates the concept of the array developed in collaboration 

with P. Herfurth et al. By growing and monolithically integrating BDD microelectrodes 

with GaN transistors, this conceptual device may be considered as the first step for the 

monolithic integrated sensing device. In the center of this chip, there is a 3 × 3 diamond 

microelectrodes array, where the electrode layer is realized by growing a 200 nm heavily 

boron doped diamond electrode layer on a buffer, followed by an overgrowth of another 

300 nm undoped NCD cap layer as the passivation. E-beam lithography is employed to 

pattern the active sensing areas, resulting in 9 ultra-small sensing dots with 500 nm 

diameter each (for technology details refer to Section 3.1.4). The electrode-electrode 

distance is kept far above 10 times larger than the electrode diameter to prevent the 

electrode hemispherical diffusion profiles from overlapping with each other.  

 

Around the 3×3 microelectrodes array there are controlling electronics for the 

multiplexing architecture. Here integrated on the chip are GaN transistors operating in 

two modes. The first is the potentiometric mode, which has already been demonstrated by 

our group [42], shown in Figure 5-1 (C)). Here the diamond electrode is connected with 

the transistor gate forming a DG-ISFET (Diamond-Gated Ion-Sensitive Field Effect 

Transistor) configuration. This device is realized by depositing diamond on the same 

substrate next to the GaN transistors, which have been passivated with protecting 

dielectric layers before the diamond CVD process. Then as metal contacts are made for 

both electrode and transistor, the devices are packaged and hybrid-connected to the 

external circuit for device characterization. It has been shown that this device could sense 

pH value when being immersed into the electrolyte. And, if the sensor configuration 

could be adapted to cell measurements (refer to Chapter 6 for more discussion), it could 

probably also be used to record electrical/biochemical responses from cellular targets. 

Then, besides recording large signals like the action potential of an exocytosis event, to 

record small signals like ion channel currents might also be possible. A reported 

mechanism of detecting ion channel current with planar transducers is to measure the 

potential gradient within the cleft between the cell and the electrode. As an ion channel 

opens and an ion flux develops, the potential gradient within the cleft varies accordingly. 

This cleft potential is then translated into the drain current modulation of the transistor 

[82, 85]. The second working mode of the transistors will be to use the transistor as a 

switch. This is done by connecting the diamond electrode to the transistor (see Figure 5-

1(D) drain. As the transistor is switched on, it allows redox reaction current to flow 

through the transistor channel. Transistor switches are thus essential in arrays for 

activating single pixels or switching between different working modes [1]. Besides, this 

concept may also allow bidirectional communication, i.e. recording of electrical signals 

as well as stimulating biological targets, in both amperometric and potentiometric modes. 

To optimize such complex behaviour statically as well as dynamically, equivalent circuit 

which involves both electrodes as well as the HEMT needs to be analyzed. However this 

has not been the focus here. 
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5.2 Diamond gated GaN ISFET for potentiometric sensing 

 

 

An ISFET (Ion-Sensitive Field Effect Transistor) is a transducer, which can be used to 

measure chemical potentials in the liquid phase, and thus especially specific ion 

concentrations in electrolytes. As the ion concentration increases/reduces, the 

electrochemical potential of the electrolyte will fluctuate accordingly, leading to a 

modulation of the gate bias (with the electrode being connected to the gate in an extended 

gate configuration). The corresponding transistor drain current modulation could then be 

used as an indicator for the electrolyte pH value. Detailed mechanism of pH sensing is 

introduced in Appendix VI.  

 

In this investigation, a discrete device is developed as the testing platform for device 

integration, which has been introduced in the last section. Here the diamond electrode is 

connected to the GaN transistor chip through wire bonding. The electrical circuit of this 

system is illustrated in Figure 5- (d). It involves two functional parts, being the 

electrochemical part (electrode) and the electrical trans-impedance amplifier part 

(transistor). The electrochemical part operates in connection with a potentiostat, which 

involves a 3 electrode arrangement. These are the BDD working electrode, Pt counter 

electrode and SCE reference electrode connected to an operational amplifier (see Figure 

5- (d)). The other part is the GaN transistor which operates as transimpedance amplifier. 

To find out an optimum electrode/transistor match, InAlN/GaN transistors of different 

parameters i.e. W/L (channel width/channel length) and barrier thicknesses (directly 

related to their gate pinch-off voltage) are prepared. A FET chip is diced out from the 

wafer and mounted in the center of the PCB carrier. Then ultrasonic wedge bonding is 

employed to bond the chip with Au wires. 

An electrical package together with contacting sockets is designed to allow plug-in/-out 

operation shown in Figure 5- (b-c). The transparent PMMA plate which is used as the 

cover will enable simultaneous inspecting transistors with optical microscope during 

device operation.  

The pH sensing performance of this diamond-gated ISFET is then characterized by 

electrochemical tests. Prior to the pH measurements, buffer solutions of different pH 

values are prepared. The titration method is employed here to achieve exact pH values, 

for example as 1, 5.5, 13, for H2SO4, KCl and NaOH, respectively. Here the pH values 

are also measured by a commercial CMOS pH sensor with an extended metal oxide gate. 

Before immersing into a new electrolyte, the electrode is always rinsed in de-ionized 

water and dried by N2 gas flow. All the tests are performed at 25 °C within a dark 

environment. 

 

In the ISFET, the change in pH is transferred to a change in ID. The ISFET sensitivity is 

then defined by the parameter ∆ID/∆pH. What has been changed in this combined 

configuration is the VGS, instead of being a voltage between the transistor source and gate, 

here it is applied between the counter electrode and the transistor source. In all  
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Figure 5-2 Diamond-Gated ISFET as a hybride device: (a) 

the entire setup (b) FET array in the housing chamber. (c) 

an optical microscopic image of GaN transistor chip, where 

transistors have been bonded to the chip carrier (d) circuits 

diagram of the entire setup (e) diamond electrode used, 

being passivated with PTFE foil. 
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measurements shown in this section, the drain-source voltage VDS is fixed at 4 Volts 

within the saturation regime. In the real application it may be operated at low drain bias 

in the linear regime. 

 

Here the measurements are performed by keeping ISFET at constant drain and gate 

voltage (VDS = 4 V and VGS = -1.5 V vs. SCE) while the electrolyte is titrated between pH 

6.00 and 12.20. The Drain current is read out as output parameter. The pH sensing 

behaviour as a current-time measurement is shown in Figure 5-2 (left). The measurement 

shows a fast as well as steady response to the electrochemical potential variation in the 

electrolyte. Taking the steady-state values of the current, the sensitivity of the sensor was 

measured to be around 20 mA/pH (see Figure 5-3). As compared with an ISFET based on 

CMOS technology, here the ∆ID/∆pH value is at about 100 times higher [86]. As being 

discussed, this feature can be attributed to the large transconductance value of the GaN 

transistor. Detailed information is shown in Figure 5-2 (right), where after one titration 

step the electrolyte pH changes from 8.60 to 9.33. One can see basically two main effects 

which limit the sensitivity: first, there is a peak-to-peak noise of approx. 1 mA/mm or 

slightly below. This would result in a resolution of approx. 0.05 pH. It is most likely that 

this value is not limited by the sensor itself, but by parasitic effects like the measurement 

setup, reference electrode system, or packaging of the diamond electrode (The diamond 

electrode was here still been encapsulated using the PTFE-tape based packaging). The 

second effect, seen in Figure 5-2 (Right), is the small drift of the current with time even 

at nominally constant pH (0.5 mA/mm at pH 8.60) and can be assigned again to parasitic 

effects instead of the sensor itself. 
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Figure 5-2  (Left) Current-time measurement of the ISFET in electrolytes titrated between pH = 6.00 and 

pH = 12.20. The dashed square shows the pH range analysed as the current response for a pH change from 

8.60 to 9.33 (Right). Measurements are performed by C. Pietzka from Ulm University.  
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Figure 5-3 Steady-state values of the drain current in dependence of the pH value. Biases are set as VDS = 4 

V and VGS = -1.5 V vs. SCE. Measurements are performed by C. Pietzka from Ulm University. 

 

 

There have been sensor arrays operating in single sensing modes e.g. potentiometric 

sensor arrays based on CMOS technology [82], amperometric sensor array made of Au 

[87], Pt [88] or even diamond microelectrodes [89]. However, still none of these devices 

could allow both potentiometric and amperometric recording by the identical sensor at 

the same time. In this study, since the InAlN/GaN FET operates with a certain level of 

leakage current through its gate, this may allow the device to work in a dual mode, i.e. 

simultaneously detecting both amperometric and potentiometric signals with the identical 

micro transducer [42]. This could be a significant feature for a cellular-sensing device.  

 

In summary, the Diamond-Gated ISFET offers pH sensitivity in a wide measuring range. 

The measurement results show a high sensitivity and the analysis suggests that this can 

still be improved. By using diamond as the sensing electrode, the device is expected to 

work with good chemical as well as electrochemical stability after long-term. Also such a 

device may not need frequent surface refreshing, which is necessary for metal electrodes 

such as Au, Pt. 
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6 In vitro test with single cells 
 

 

 

    n vitro tests on the diamond microelectrode array with high spatial-temporal resolution 

are discussed in this chapter. The activity of single cells is recorded leading to initial 

results which are then discussed and also compared with other classical analytical 

methods. 
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6.1 General description 

 

 

There have been mainly two sensing modes, in which MEAs are used to detect biological 

signals, i.e. potentiometric and amperometric. Being used in the potentiometric mode, a 

MEA can record cellular signals such as ‘action potentials’, being a transient event in 

which the cell membrane potential rises and falls shortly. There are primarily two types 

of action potentials. One is generated by sodium ion channels, as they switch on/off (the 

action time is about several mS mostly) to allow/block sodium ion currents flowing 

through. In some cells, this event will activate intracellular activities while in neurons it is 

the key of the cell-cell communication [90]. This is actually an event, which involves 

both electrical and electrochemical responses. Being put into the vicinity of the cell, the 

microelectrode may be able to sense the ion flux potentiometrically, according its surface 

polarization [82]. The other type of action potential is caused by voltage-gated calcium 

ion channels. This action potential lasts up to 100 milliseconds, being about 100 times 

longer compared with the first type. In this study, this event will be involved in the test of 

chromaffin cell with more details given in the following section.  

 

The other sensing possibility is the amperometric mode, in which the cellular activities 

are detected by reducing/oxidizing particular molecules released or consumed by the 

target cell. These reactions will be recorded as amperometric signals. Further analysis of 

the profile of the amperometric spikes will provide information about the kinetics of the 

cellular activities. One possible application will be to detect transmitters released by 

neurons. In neurons and neuroendocrine cells, neurotransmitters and hormones are 

packed in intracellular vesicles of 50 to 200 nm in diameter. After vesicle fusion with the 

cell membrane, they are released into the extracellular space in form of “quanta”. This 

process is named as exocytosis. The quantal nature of neurotransmitter release is the basis 

of the synaptic functioning and has been investigated since the early 1990’s by means of 

Carbon Fiber Eelectrodes (CFEs), where electrochemical-active carbon fibers are placed 

in the vicinity of the targets for amperometric recording. When applied to detect 

exocytotic events in isolated chromaffin cells, CFEs can provide key information on the 

formation of the fusion pore and the kinetics of single secretory events with sub-

millisecond time resolution [65]. The CFE technique, however, has also some major 

restrictions, e.g. the monitoring of quantal secretory events is limited to one cell for each 

recording and spatial resolution of vesicle distribution is limited by the dimension of 

carbon fiber tip. 

 

Here the BDD MEA differs significantly from a CFE system since it offers both spatial 

and temporal resolution. Spatial-temporal resolution can be achieved by multiplying the 

number of electrodes in an array. This technique is significant since it may offer the 

possibility to analyze complex biological systems. For example, a brain consists of 

billions of neural cells connected and electrically coordinated by a high degree. This 

complex configuration is believed to be the reason why the brain is capable of highly 

sophisticated information processing. Similarly, another cell network, an animal heart, 
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works effectively also depending on such coordinated cell activities [1]. To understand 

these complex cellular systems, it is desirable to employ techniques with high spatial-

temporal resolution, like microelectrode arrays. Also, a microelectrode array can be used 

to perform non-invasive sensing, i.e. extracellular recording, meaning to sense cellular 

signals without penetrating the cell membrane. Therefore, the BDD MEA has the 

potential to improve measurement duration as well as signal quality. 

 

In this study, the diamond MEA itself will work in the amperometric mode. In the case of 

a quadrupole, it senses chemicals, which are released from the cell membrane, by its 4 

microelectrodes locating at symmetric corners. Here, the measured cellular activities are 

exocytose processes from chromaffin cells. Figure 6-1 illustrates the exocytosis process 

and the corresponding amperometric response with respect to time. Firstly, as the process 

is triggered by a stimulus, intracellular vesicles containing the target neurotransmitters 

and hormones start to approach the plasma membrane. Thereafter, chemicals are released 

from the surface of the membrane as its phosphorous lipid double layer is reorganized. 

This process can be electrically recorded by an amperometric sensor positioned in close 

proximity. The signal generated by the oxidation of the released neurotransmitters and 

hormone molecules is recorded as signal. The current peak in Figure 6-1 therefore 

corresponds to the peak concentration of molecules in the vicinity of the electrode. 

 

 

 
 

Figure 6-1 Simple diagram of exocytose process in 4 steps (bottom from left to right), a secretory vesicle, 

filled with molecules moves close to cell membrane from the inner side; the vesicle fuse with the cell 

membrane by bonding and then open to release molecules; oxidation current is measured by amperometry 

in parallel. 
 

 

 



6. In vitro test with single cell 

 

 

96 

6.2 Experiments 

 

According to experimental details provided by the Dep. of Neuroscience, NIS Excellence 

Centre, University of Torino, isolated chromaffin cells are prepared from mouse adrenal 

glands. Immediately after explanting, the glands were placed in Ca
2+

 and Mg
2+

free 

Locke’s buffer solution containing (in mM): 154 NaCl, 3.6 KCl, 5.6 NaHCO3, 5.6 

glucose, and 10 HEPES (widely-used buffer in cell culture), at pH 7.2, at room 

temperature. Soon after this preparation the glands were decapsulated to precisely 

separate the medulla from the cortical tissue. The medulla was digested in the Locke’s 

buffer mentioned before, containing 20 U/ml of papain (Worthington Biochemical Corp., 

Lakewood, NJ) for 60 min at 37°C. Finally the cell suspension was centrifuged for 5 min 

at 900 rpm, washed two times, and re-suspended in 2 ml DMEM (a cell culture medium 

used to maintain cells in tissue culture) supplemented with 15% foetal calf serum (FCS) 

[91].  

 

 

 

 
Figure 6-2 shows a microscopy image through the transparent BDD on sapphire with chromaffine cells 

adhering on it. Picture taken by S. Gosso, Dep. of Neuroscience, NIS Excellence Centre, University of 

Torino. 

 

 
Then the cells were bathed in a physiological solution deprived of KCl, in order to be 

maintained in a quiescent state. Single cells are transferred into the measuring chamber 

(shown in Figure 3-6(d)) and deposited onto the BDD MEA. It should be loaded into the 

sensing area (refer to the circle in the center of the quadruple) and well attached to all the 

4 quadrupole electrodes (see Figure 6-3). To move the cell into the target area, here a 

special setup is employed. First of all, a pipette is used to position the cell by means of a 

glass pipette with the opening less than 10 µm on one end. Then the glass pipette is 

installed on a micromanipulator, which allows biologists to move it within the µm scale. 

Here the fine alignment could still be achieved by observation through the transparent 

sapphire substrate with an inverted microscope.  

 

Subsequently, the electrodes are individually biased with voltages between 650 – 800 mV 

(see Figure 6-3). Here, special potential calibration offsets are applied to each 

microelectrode to account for differences in the individual electrodes, like the built-in 
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resistances. Then a reagent is added to trigger the exocytosis process. It contains 135 mM 

TEACl (short for Tetraethylammonium chloride, used as the source of 

tetraethylammonium ions) and 10 mM CaCl2. First of all, the cell is polarized and then 

Ca
2+

 ion channels open. The exocytosis process starts. As shown in Figure 6-1, after the 

fusion with the membrane, vesicles release catecholamines molecules to the extracellular 

space. As these molecules are oxidized by the microelectrodes, the fusion events are 

recorded. A more detailed analysis of the amperometric signals will be discussed in the 

next section. 

 

 
 

Figure 6-3 MEA setup to record a chromaffin cell event: when the exocytosis events have been triggered 

(as Ca
2+

 channel opened), 4 individually-addressable BDD microelectrodes are biased at 650 mV to record 

the amperometric signal of catecholomine oxidation.  
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6.3 Results and discussion 

 

Figure 6-4 (a) shows the in-situ amperometric signals recorded on the 2×2 diamond MEA. 

There are current spikes with amplitudes in the order of tens of pA, each lasting for 

around a few milliseconds. Spikes recorded by 4 channels have temporal similarity but 

differ from each other in amplitude and duration. During the measurement, it has been 

observed that almost every vesicle fusion is recorded by all 4 electrodes at the same time. 

The profile of each peak is analysed by means of specific macros developed for the 

scientific software environment IGOR Pro [65] [92]. As shown in Figure 6-4(b), the 

analysis for every individual exocytotic event contains the following parameters: 

maximum oxidation current (Imax), full width at half maximum (t1/2), total charge 

collected (Q), the rising slope (m) and time to reach the peak maximum (tP). Here the 

time dependence and amplitude of the spikes recorded by the NCD devices are also 

compared with data obtained using CFE (the classic method used to record exocytotic 

events, discussed already). The average results obtained after analysing a random 

collection of 116 spikes extracted from 29 cell recordings are compared with data from 

269 spikes detected with a carbon fiber electrode out of 11 experiments. These two 

datasets show indeed a very close match [65]. The profile and amplitude of the 

amperometric spikes and the dual Gaussian distribution of the vesicle diameter (Q
1/3

) 

were not significantly different, suggesting that the two devices possess comparable 

sensitivity and measurement accuracy.  

 

In summary, as a proof of concept, the NCD quadrupole displays spatial-temporal 

resolution, when being used for amperometric recording of exocytosis from a single 

chromaffin cell. Experiments employing NCD quadrupole electrodes show comparable 

signal quality with respect to methods using CFEs. Note, that in addition a high 

resolution can be obtained by the NCD quadrupole array while the spatial resolution of 

the fiber electrodes is limited by the macroscopic fibre tip dimension, even when being 

used in bundles. In addition, as shown in Section 3.2, the size of the sensing element of 

the BDD MEA could be still scaled down, leading to spatial resolution below 1 µm. Last 

but not least, the potentiometric sensing mode of an ISFET in which NCD electrodes 

work in conjunction with GaN transistors will add more sensing possibilities to the BDD 

MEA platform. Therefore, a BDD MEA with such technological advantages, shows the 

potential to address the limits of present sensing method, with higher sensitivity, multi-

sensing capability as well as spatial-temporal resolution.  
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Figure 6-4 (a) Simultaneous amperometric signal from all 4 individually-addressable microelectrodes, to record exocytosis 

process from one single chromaffin cell [64] (b) one oxidation peak with its key parameters which corresponds to one 

vesicle from Carabelli, 2010. (c) key parameters of one oxidation peak recorded by diamond microelectrode (d) key 

parameters of one oxidation peak recorded by carbon fibre microelectrode, from Q. Xin [93]. 
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7 Conclusion 
 

 

 

 
his dissertation focuses on novel diamond chemical sensors and their integration with 

other sensing technologies, as a new approach to implement highly functional devices for 

biochemical measurements, e.g. single cell measuring. Conceptual diamond chemical 

sensors are developed, being primarily diamond ultra-small electrode arrays for 

amperometric sensing and diamond-gated GaN ISFETs for potentiometric sensing. 
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Here the diamond ultra small electrode arrays show several advantages over conventional 

devices, which use different electrode materials as well as distinct configurations. First, 

thanks to the unique electrochemical properties of diamond, this device possesses an 

extremely wide potential window (about 3 Volt) of water dissociation, allowing sensing 

of organic molecules such as ethanol, which will normally be submerged in the water 

oxidation peak when using traditional electrodes. Second, the diamond electrode shows 

extreme chemical stability and can operate also in harsh environments while other 

traditional noble metal electrodes would suffer from very short life or need frequent 

surface refreshing. Third, used as amperometric sensor, the microelectrode shows high 

sensitivity due to enhanced transport as well as low background current. Also, what is 

especially significant for sensing with ultra-small electrodes, is the insulating sapphire 

substrate, which is transparent and helps to suppress leakage currents. Fourth, as carbon 

based material, the electrode shows appreciable biocompatibility and can be used for 

biomedical sensing. Last, but of special importance, the device technology based on a 

newly developed transparent DOS (Diamond on Sapphire) technology will allow the 

combination of at least two sensing concepts. The First one is simultaneous sensing with 

fluorescence microscopy. In this study, the optical properties of the DOS material stack 

have been thoroughly analysed and optimized, resulting in a broad transparency spectrum 

through the whole visible light range. Such a broad transparency window of the DOS 

system could be compatible with most fluorescence markers. Secondly, here the DOS 

device technology will allow monolithical integration with on-wafer electronics, like 

GaN transistors, which are also realized on the sapphire substrate. This on-wafer 

electronics is essential for an array consisting of high-density transducers, which can only 

be operated through a smart switching matrix (comparable to the case of Si-based 

MEA’s). Such integration will offer decisive advantages for cellular electrical recording 

since it allows further increasing of the number and density of sensing elements. 

Integrated multiplexers as well as on-wafer amplifiers will dramatically improve the 

sensing image as well as the signal density. In addition, what can also be integrated in the 

system will be other chemical sensor types, like a pH sensor to observe cell metabolism 

characteristics. In this study, a diamond-gated GaN ISFET is developed as conceptual 

potentiometric sensors through hybrid integration. This pH sensor shows a sensitivity 

much higher compared to that of an ISFETs using CMOS technology on Si. 

 

The Development of diamond microelectrodes enables the user to perform amperometric 

recording with micrometer scale spatial and microsecond temporal resolution. Initial 

measurements, recording membrane activities of one single cell show comparable results 

to the case of carbon fiber electrodes.  

 

A significant goal will be to increase the number of sensing elements essentially. To 

achieve this goal, sensing with smaller electrodes becomes essential. In this study, 

diamond electrodes have been scaled down to the submicron dimension, forming fully 

functional BDD single-dot electrodes of 500 nm diameter. Meanwhile, these submicron 

electrodes can be individually addressed and still show typical chemical and 

electrochemical properties of diamond. With a specially designed passivation, the 

background current is suppressed down to the pA level allowing amperometrical sensing 

with such 500 nm single dot diamond electrodes. Apart from listed advantages related to 
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the diamond material, these devices will enable improved sensitivities to chemicals with 

minute concentrations. 

 

These high-density electrode arrays may find numerous applications in medical 

diagnostics and pharmacology. A large market can be expected for MEA-based 

biosensors targeting the detection of chemical and biological toxins or the screening of 

pharmacologically active compounds. Compared with its conventional equivalents using 

a CMOS technology for signal confectioning, device concepts in this investigation show 

a broader window of detection, especially in the anodic regime [1]. This is particularly 

interesting for detecting biological toxins or neurotransmitters, which are quite often 

large molecules oxidised only at high anodic potentials. Also, since the electrodes are 

chemically and electrochemically more robust in comparison to conventional metal oxide 

and metal nitride materials, these diamond devices may find their applications also in the 

case of in vivo detection.      

 

To further develop this sensor technology, there are several significant tasks needed to be 

identified. First of all, in pursuing this goal of having a large number of electrodes, mono-

lithic integration with reliable on-wafer electronics will be essential as already pointed 

out. However, efforts are still needed to move from hybrid integration to the monolithic 

integration of the diamond electrode technology and the GaN-based transistor technology. 

Secondly, a reliable passivation for the system also becomes a significant factor. Last but 

not least, multidisciplinary collaboration between microelectronics/semiconductor 

materials and biology/medical communities seems quite essential.  In this collaboration, 

providers of device technology (microelectronics /semiconductor materials) will need to 

understand more deeply the needs of their users (from biology and medicine), while the 

users need in turn to comprehend this new semiconductor technology with its capabilities 

and limits. 
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Appendix I. Introduction to CVD diamond nucleation 
 

i. Bias enhanced nucleation 

 

Apart from seeding, an alternative to obtain diamond nucleation on sapphire substrate is 

Bias Enhanced Nucleation (BEN), first invented by Yugo et al. [94]. It was performed by 

applying a DC bias on the carbide-forming substrate in the plasma of hydrocarbon 

species and H2. In the BEN process, the process parameters are tuned to allow the sp
2
 - 

sp
3
 carbon phase transition to happen. As Stoner et al. [95] states, in most cases, diamond 

does not directly nucleate on foreign substrates. Instead, the nuclei are incubated in an 

intermediate layer forming during the process. This process is also demonstrated by F. 

Banhart [96] who launched in-situ TEM observations on carbon nanostructures, which 

were bombarded by electrons and ions at an elevated substrate temperature. He showed 

that the sp
2
 - sp

3
 carbon phase transition firstly appeared in the centre of a carbon onion 

structure, where a high pressure in the 100 GPa range was reached due to the self-

compression of carbon onions under high temperature irradiation. It is believed that the 

formation of the initial diamond phase is triggered under such high-temperature, high-

pressure conditions. Although a detailed mechanism of such a complicated process still 

remains unclear, based on above experimental results several driving factors have been 

confirmed and applied also in this study. 

 

During the process, a bias is needed to accelerate the ions within the dark sheath of the 

plasma enough to create high-energy irradiation, which seems essential for forming 

diamond. In this step, it is necessary to keep elevated surface temperature, e.g. it should 

be higher than 500 ˚C to avoid suppressing the surface kinetic process [97]. Also, a 

methane-enriched reactor atmosphere will be necessary for reaching a high nucleation 

density, as reported by X. Jiang et al. [38]. 

 

 

 
 

Figure I-1 Sketch of HFCVD with bias enhanced nucleation capability. -200 V bias is applied between the 

sample and filaments while a 45 V bias is applied to the grid to extract electrons.  
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Figure I-1 shows the schematic diagram of a HFCVD apparatus with the BEN system 

used in this study (designed and realized by K. Janischowsky [23]). Within this CVD 

system, samples can be left in the CVD chamber after the nucleation process for diamond 

outgrowth without being transferred. The sample holder is set up vertically in parallel to 

the filaments set. This is preferable, since the carbide coating film which forms on the 

tungsten filaments may crack, peel off and eventually drop down during the deposition 

process. The sample is vertically fixed on the holder by a differential pressure lower than 

the chamber pressure. Besides a -200 V bias between the sample holder and filament set, 

this configuration operates with an extra bias of 45 V, which is applied to the bias grids to 

enhance the electron extraction. 

 

 

 
 

Figure I-2 Photograph of HFCVD for growing undoped diamond thin films (wafer size up to 4 inch in 

diameter) with BEN (bias enhanced nucleation) capability, developed by K. Janischowsky. 

 

 

Under a constant potential, the bias current density could be taken as the indicator of the 

diamond nuclei density which forms during the first step of the growth process. This is 

possible because the bias current depends strongly on the density of electrons emitting 

from the diamond phases (nuclei) during the BEN process, i.e. the more surface area is 

covered by diamond, the higher the bias current density. The following formula is used to 

estimate the secondary electron emission yield γ, defined as the ratio of electrons emitted 

per incident ion [98],  

 

 

)2( fi WW −= βαγ  

Equation 21 

 

 

In Equation 21, α and β are constants determined from experimental data, Wi is the 

potential energy of bombarding species, while Wf is the work function of the surface 

material. When more sp
3
 carbon phases are exposed on the surface, γ will increase due to 

the smaller work function Wf of diamond, compared with Si or SiC. Figure I-3 (Top) 

shows the emission current recorded in a BEN process. As -200 V bias is applied 

between the filaments set and a 4-inch silicon wafer (the substrate holder), the emission 

current follows a shallow ‘U’ shape in the first one and a half hour. Then it starts to rise 
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dramatically and reaches about 100 mA, indicating a sudden increase of diamond phase 

on the sample surface, according to Equation 21. The entire process lasts typically for 

around 2 hours and is finally terminated by switching off the -200 V bias. Subsequently, 

no bias current could be measured and the BEN process ends.  

 

 

 
 

 

 
 

 
Figure I-3 (Top) Emission current recorded during BEN process of a 4-inch Si substrate [22]. (Bottom) 

SEM image of the sample surface after BEN process, with a nucleation density of above 10
10

/cm
2
. 

 

 

After the BEN process, the nucleation density is evaluated by SEM, e.g. by randomly 

selecting 10 areas on the substrate and counting the number of nuclei in each of them. 

Figure I-3 (bottom) illustrates an SEM image of a silicon substrate after the BEN process 

with a density of diamond nuclei of above 10
10

/cm
2
. However, random voids with small 

sizes of around 100 nm can still be observed which are expected to be closed within 200 

nm of outgrowth. 
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ii. Seeding with diamond nanoparticles  

 

Seeding is a process to form a nucleation layer by depositing prepared diamond seeds on 

the substrate surface. Normally an ultrasonic treatment is employed to assist the 

dispersion of the nanodiamond seeds and to obtain the high nuclei density needed for 

growing a closed diamond layer. The diamond nanoparticles are dispersed in an 

aqueous/alcohol solution and normally aggregate in clusters with a diameter larger than 

100 nm. Depositing these 100-nm clusters on a substrate will lead to low nucleation 

density which may cause later pinholes during the subsequent outgrowth.  

 

To avoid agglomeration, an novel process has been developed by O. Williams et al. [99] 

who introduced colloid chemistry to disassemble the aggregates, resulting in well-

disperse aqueous colloids of primary nanodiamond particles. Each independent diamond 

particle has a size less than 10 nm. Accordingly, the nucleation becomes homogeneous, 

with its density up to 10
11 

cm
-2

. 
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Appendix II.  CVD Process parameters 
 

 
# Chamber 

Pressure 
(kPa) 

Filament 
Temp. 
(˚C) 

Filamen
t power 
(kW) 

Substrate 
Temp. 
(˚C) 

CH4/H2  
 
(%) 

TMB  
 
(sccm) 

N2  
 
(sccm) 

Growth 
Time 
(h) 

 

 

1 2.5 2100 4.0 750 0.3 0 0 3  
          
2 2.5 2100 4.0 730 0.3 0 0 2  
          

3 2.5 2100 4.0 740 0.3 0 0 3  
          
4 1.5 2150 5.2 780 0.3 3 0 3  
          
5 1.5 2100 5.2 750 0.3 0 0 4  

          
6 1.5 2200 5.2 750 0.3 3 0 5  
          
7 1.5 2100 5.2 740 0.3 6 0 1.5 

 
 

8 1.5 2100 5.2 730 0.3 6 0 3.5 

 
 

9 2.5 2150 4.6 650 0.3 0 0 2.5 

 
 

 

Table II-1 parameters of HFCVD processes in this investigation, ‘#’ stands for process number  

 

 

 

# Chamber 

Pressure 
(Torr) 

Plasma 

power 
(W) 

Substrate 

Temp. 
(˚C) 

Ar/H4/CH4  

 
(%) 

TMB  

 
(sccm) 

N2  

 
(sccm) 

Growth 

Time 
(hour) 

 

 

11 150 650 650 193/6/1.5 0 0 3  
         
12 80 400 710 80/3/1 0 0 2  
         

13 80 400 710 80/3/1 0 0 0.5  
         
14 80 400 710 80/3/1 0 0 4  
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Table II-2 parameters of MPCVD processes in this investigation, ‘#’ stands for process number  

 

 

# Chamber 

Pressure 

(kPa) 

Filament 

Temp. 

(˚C) 

Filament 

power 

(kW) 

Substrate 

Temp. 

(˚C) 

CH4/H2  

 

(%) 

Bias 

1 

(V) 

Bias 

2 

(V) 

Process 

duration 

(h) 

 

 

21 2.5 2120 4.2 800 0.75 200 45 2  

          
 

Table II-3 parameters of BEN processes in this investigation, ‘#’ stands for process number  
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Appendix III. Diamond doping 
 

 

Intrinsic single crystalline diamond is highly insulating since it possesses a wide bandgap 

of 5.45 eV. To utilize such a wide-bandgap semiconductor material, it becomes critical to 

obtain effective doping with both p- and n-type elements. Many chemical elements have 

been investigated for this purpose, such as nitrogen (donor), phosphorous (donor), 

sulphur (donor), boron (acceptor). Some elements show highly effective incorporation as 

a dopant, while some are limited due to their low solubility in the diamond phase as well 

as high activation energy.  

 

 

 
 

Figure III-1 Band diagram of diamond and activation energy of dopants. 

 

 

As can be seen from Figure III-1, on one hand, for n-type doping, an effective dopant is 

still missing up to now. There are two most common n-type dopants, being nitrogen and 

phosphorus. They have been intensively investigated and applied to various experimental 

device structures. The activation energies of both nitrogen and phosphorus are much 

higher than the thermal activation energy of kBT (0.026 eV at R.T.). Particularly, nitrogen 

doped diamond has a donor energy level 1.7 eV below the conduction band minimum, 

thus its electrons remain not activated at room temperature. Besides, the limited solubility 

of nitrogen in diamond does not allow mini bands to form. Highly nitrogen doped 

nanodiamond (UNCD) has been reported by Argonne National Lab in 2001, showing an 

extraordinary small activation energy down to 0.05 eV [100] of this material with high 

grain boundary content. However, further investigations showed that in that case, the 

activation is due to grain boundary widening [101]. By introducing a small amount of N2 

during the growth phase, nitrogen atoms can be incorporated into the lattice of the 

individual crystals as donors without a strong influence to the diamond nanocrystal 

quality. But as the N2 gas flux is increased to approx. 1%, the NCD grain boundaries 

which are filled with sp
2
 carbon phases will become wider and start to generate graphite-

like conduction [101]. In this case, diamond chemical as well as electrochemical stability 

may be compromised. Another candidate will be phosphorus. Phosphorus doped diamond 
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shows a smaller activation energy compared with nitrogen doped diamond, but it is still 

too high to be noticeably activated at R. T. And, the high phosphorus incorporation 

appears in the {111} plane, which is not a normal lattice orientation in semiconductor 

technology.   

 

On the other hand, for the p-type doping, boron is the most effective dopant for bulk 

diamond because of its smaller charge carrier activation energy (0.37 eV), shown in 

Figure III-1. Especially, as the doping concentration increases to above 1020/cm3, EA 

dramatically decreases through the formation of a miniband (see Figure III-2) and allows 

full activation of carriers at room temperature. It shows the dependence of the activation 

energy of holes in boron doped diamond on carrier density. This dependence has been 

developed to fit the behavior of deep dopants in silicon and germanium, and is also valid 

for boron doped diamond [102].  

 

 

 
 

Figure III-2 Activation energy of carriers in boron doped diamond as dependence on effective doping 

concentration (measured at ambient temperature). Here, this fitting curve uses α = 4.5 x 10
-8

 eV·cm [102] 

and (NA-ND) represents effective carrier concentrations. 
 

 

During the deposition, boron is incorporated into the CVD diamond crystal through the 

gas phase. There have been several boron-based compounds reported being used for 

doping. In this study, TMB (Trimethylborat) flows into the reactor with H2 carrier gas 

and firstly reaches the tungsten filaments. Here TMB is decomposed at elevated 

temperature and reacts with hydrogen radicals, which are generated by dissociating H2 at 

the hot surface of the tungsten filaments. This reaction forms (BxHy) pairs. BH radicals 

can be detected through their UV emission in the gas phase in CVD chamber. Also being 

predicted by thermodynamic calculations is that BxHy radicals should also affect the 

concentration of CHx radicals as well as atomic H [103]. These BH species are highly 

reactive on the diamond surface, they will dissociate at surface temperatures higher as 

550 ˚C. It is essential to keep the substrate at a higher temperature otherwise these 

radicals would not dissociate. Instead, they will be incorporated as neutral sites, thus 

effectively passivating the boron acceptors [104]. Besides the substrate temperature, the 

[CH3]/[BH] ratio could be another significant factor to determine the BDD properties. 

Experiments from previous studies also suggest that [BH] and [CH3] in the reactor 
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atmosphere together may determine the active doping concentration in conjunction with 

the diamond crystalline quality. To form an effective dopant, BH tends to react easily 

with C٠* (vacant sites) on the diamond surface and needs to be covalently bonded into 

the lattice. But in case of an excessive boron dose, BH species may also join or even form 

boron clusters and become defects in the crystal. Therefore it is significant to tightly 

control the [CH3]/[BH] ratio, so that no B-B bonds and boron clusters are formed during 

growth.  

 

 

 
 

Figure III-3 Sketch of HFCVD with a TMB bubbler for Boron doping. 

 

 

Figure III-3 shows a simple sketch of the HFCVD system employed in this investigation 

for depositing BDD. TMB is carried by hydrogen gas, which flows through a bubbler, 

where TMB is kept under a controlled temperature and pressure. The amount of boron is 

controlled through the hydrogen carrier gas flux and the thermal bath temperature, which 

determines the partial vapor pressure of the TMB in the bubbler. By mixing with pure 

hydrogen gas from another parallel line, the amount of boron can be further diluted, thus 

allowing controlled doping in a wide range. 

 

Another method of boron doping, which has been performed in MPCVD apparatus, is 

achieved by inserting a boron coated tungsten rod into the CVD plasma. The coated 

boron material will then be etched in the plasma and form BH-radicals in the gas phase 

[105]. This does not need too much modification to the deposition system, but the control 

of boron etching process is not straightforward and thus achieving steady doping 

concentration becomes difficult. Thus, its use has been mostly in δ-doped profiles, which 

require a high concentration pulse in the reactor gas phase  [106]. 
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Appendix IV. Characterization of doped diamond 
 

 

In this investigation, CVD diamond is grown on sapphire and mainly used for 

electrochemical sensing applications. In this respect, the materials are characterized with 

the prominence given to surface properties and bulk properties. 

 

i. Topography characterization 

 
SEM is employed to characterize the thin film topography. By scanning the material 

surface, information such as film quality, grain size, grain orientation and defects can be 

obtained. Also due to their different work functions, materials can show images with 

distinct contrast and brightness. Figure IV-1 shows a sandwich structure on the sapphire 

substrate, where thin films of different materials are marked. 

 

 

 
 

Figure IV-1 shows the SEM image of a sandwich structure after etching on sapphire substrate. From the 

bottom to the top, there are the sapphire substrate, silicon interlayer, diamond thin film and SiO2 mask.  On 

the substrate, pillars with a diameter of around 50 nm can also be observed. 

 

ii. Raman spectroscopy 

 

Raman spectroscopy is considered as one of the main characterization tools for the 

crystalline quality of CVD grown diamond. Cubic diamond has a single Raman-active 

first order phonon mode at the center of the Brillouin zone. The presence of sharp 

diamond Raman lines against a background of the graphitic carbon allows cubic diamond 

to be separated from graphitic carbon and other carbon phases, especially in the case of 

polycrystalline and nanocrystalline material.  

 



Appendix IV. Characterization of doped diamond 

 

 

114 

Here some specific aspects are worth mentioning. As the size of diamond crystallites are 

reduced from micrometers to nanometers, the selection rules break down, and more 

vibrational modes become Raman active. Two phenomena appear: (i) the shifting and 

asymmetric broadening of existing peaks and (ii) the appearance of new signals activated 

by disorders. For (i), the shifting of the diamond typical peak is normally due to stress. 

Two factors may cause peak shifting: (a) thermal stress caused by the different thermal 

expansion coefficients of the substrate material and diamond. This effect generally exists 

in many kinds of CVD grown thin films. (b) Doping of diamond causes inner stress at 

high concentrations (like the quasi-metallic doping needed in the electrode case) because 

of a different lattice constant of undoped diamond and the B-doped material. Normally, a 

high boron concentration induces compressive stress. For (ii), disordered carbon phases 

in the nanocrystalline diamond thin film are related to various peaks like, D, G, the 

shoulder at 1150 cm
-1

 etc. In a Raman spectrum of a CVD-grown nanocrystalline 

diamond thin film, the 1150 cm
-1

 peak (in conjunction with the sp
3
 peak) can be 

considered as a direct evidence of a sp
2
 hybridised structure, such as polyacetylene-type 

molecules, being present on the surface and in grain boundaries [107]. 

 

 

 

iii. Electrical characterization 

 

 
 

Figure IV-2  the cross section of TLM test structure which is used for electrical characterization of boron 

doped diamond electrodes.  

 

 

The analyzed electrical properties of doped diamond films involve resistivity ρ, carrier 

mobility µ and doping concentration NA as well as the contact resistance Rc. Specific test 

structures are micro-fabricated on wafer for characterization of their properties. In 

devices with a planar configuration, the contact resistance Rc as well as the sheet 

resistance RSH are normally determined by a TLM (Transmission Line Model) structure, 

with a dependence of resistance on geometry shown in Equation 22. 

 

 

C
SH Rl

W

R
lR 2)( +⋅=  

Equation 22 

 

 

On the left side, R(l) is the measured resistance. RSH represents the sheet resistance of the 

thin film, W and l are width and distance between contacts respectively. Given the film 
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thickness, through this method, the contact resistance of Au/Ti on diamond as well as the 

conductivity σ of a diamond thin film can be measured. Note that all BDD layer is 

prepared by epitaxial growth on an intrinsic buffer. 

 

 

 
 
Figure IV-3 TLM measurement used to characterize the sheet resistance of a conductive thin film. (Left): a 

sample cut from a diamond-on-silicon wafer with a TLM structure marked, where (Right) the sheet 

resistance is measured and plotted against the channel length. RSC can be determined from the slope, while 

the intercept represents the contact resistance 2RC [106].  

 

 
Figure IV-3 illustrates the test structure layout of a boron doped diamond layer on an 

undoped buffer on a silicon wafer (left) together with measurement results (right). This 

sample is cut from a silicon wafer, on which an insulating NCD buffer layer and above it 

another thin boron doped diamond layer are deposited. The TLM measurement shows a 

contact resistance of around 125 Ω, which is then normalized to be 7.3 mΩ/μm
2
, while 

the sheet resistance has a value of around 30 kΩ/square.   

 

By varying the flux of the TMB-carrier gas, a certain concentration of boron precursors 

are introduced into the reactor, resulting in different boron concentrations in the gas 

phase. In this study, it will be critical to control the boron doping concentration within the 

NCD thin film. And being a complex system with many unknown factors, there may not 

be a linear relationship between the TMB flux and boron concentration in the solid phase. 

The activation energy function of carrier density in solid phase has been shown 

previously (see Figure III-2).  
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Figure IV-4 Conductivity as a function of reciprocal temperature measured in boron doped nanocrystalline 

diamond layers with different activation energies, which are grown with different TMB flux. The 

parameters of the growth process could be found in Appendix II (process #5 + different TMB flux).  

 

 

With boron being a deep acceptor, the conductivity follows the general exponential 

dependence shown as Equation 23.  

 

 

( )TkE Ba /exp −∝σ  

Equation 23 

 



Appendix IV. Characterization of doped diamond 

 

 

117 

where σ is the conductivity, Ea is the activation energy of the acceptor, kB is the 

Boltzmann constant, T is the temperature. The Activation energy Ea can be obtained from 

the slope, when both T and σ are known. Here the dependence of the thin film 

conductance on temperature is obtained, by measuring RSH through the TLM method at 

varied temperatures. The results from TLM measurements for various BDD films are 

summarized and shown in Figure IV-4. Using unchanged process parameters during the 

BDD deposition (using 400 sccm H2 + 1.2 sccm CH4 as reaction gas), as the TMB 

concentration increases from zero (doping by background boron only) to 1 sccm, the 

conductivity of the boron doped diamond film at room temperature increases by almost 3 

orders of magnitude. Meanwhile, the value of the extracted activation energy is reduced 

from 0.37 eV to 0.045 eV. It can be observed that the conductance becomes also less and 

less temperature-dependent. It will be independent on temperature when the carrier 

concentration reaches 10
20

 /cm
3
, corresponding to the activation energy below 0.026 eV. 

 

The conducitivity dependence curve shows different slope at different measurement 

temperatures regiems. The reason is still under investigation. A possible explanation 

comes from Visser et al. [108], who proposed a model which attributes that to valence 

band conduction and hopping transport in a miniband, separately. 
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Appendix V.  Diamond electrochemistry 
 

 

Diamond electrode: 
Figure V-1, shows the water splitting potential window of a CVD diamond electrode in 

comparison to a traditional Pt electrode in a cyclic voltammogram. Diamond electrode 

shows a wider potential window mainly due to the weak interaction of the diamond 

surface with the water molecules in the electrolyte. Both oxygen and hydrogen evolutions, 

which require strong adsorption of ions onto the diamond surface and subsequent electron 

transfer, are therefore shifted to high potentials [60]. This characteristic of a diamond 

electrode offers the possibility to sense chemical oxidation reactions, which cannot be 

detected within the narrower potential window of Au, Pt and other carbon-based 

materials. Secondly, a diamond electrode can also sense redox reactions with a high 

signal-to-noise ratio [2] since boron doped diamond electrodes possess a much lower 

background current level in comparison to other classic electrode materials, like Pt 

(shown in Figure V-1) and Au. Thirdly, with their extremely high chemical as well as 

electrochemical stability, diamond electrodes are less affected by fowling, needing fewer 

times of surface renewing such as mechanical polishing or chemical etching. Also 

diamond electrode can work in harsh environments, such as electrolytes with extreme pH 

values, at elevated temperatures or under high anodic bias.  

 

 

 
 

Figure V-1 Typical cyclic voltammogram of Pt and CVD diamond electrodes in 0.1 M KCl solution with 

pH 5.5.  

 

 

 

Interfacial electrochemistry 

 
In this study, boron doped diamond electrodes are used to detect amperometric signals of 

redox reactions on the semiconductor/electrolyte interface. Considering the leakage 

current through a semiconductor material, the space charge layer, which forms at the 
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semiconductor side and the Helmholtz dipole double layer forming at the liquid side, can 

be simplified as a RC circuit each. Thus, as shown in Figure V-2, the diamond/electrolyte 

interface could be described by an equivalent circuit with two RC elements in series 

[109]. On the semiconductor side, the parallel resistor RSC represents a leakage current 

path through the space charge layer while CSC represents the space charge layer 

capacitance. On the eletrolyte side another RC circuit is used to describe the double layer. 

It forms by assembling solvated ions from the electrolyte as the countercharge 

corresponding to the charge within the semiconductor space charge layer. Its capacitance 

is typically in the range of tens of µF/cm2. 
 

 

 
 
Figure V-2 Equivalent circuit of the semiconductor/electrolyte interface and typical values for a NCD 

electrode using quasi-metallic boron doping boron. 

 

 

However, the space charge layer and the Helmholtz layer capacitances are often not ideal 

and could be frequency dependent, e.g. due to slow ionic diffusion processes within the 

space charge layer and also due to surface inhomogeneities [52, 110]. Therefore, here 

CDL and CSC are replaced by a Q - constant phase element (CPE). Its impedance 

dependence is,  

 

 

Qj
Z

nQ ⋅
=

)(

1

ω
 

Equation 24 

 

 

where ω = 2πf is the circular frequency and n is a fitting factor. Note, that this equivalent 

circuit can only be used to simulate the potential regime within the potential window, 

where no extra charge transfer reactions or strong adsorption processes appear. Otherwise, 

another equivalent circuit, which involves the influence of the charge transfer reactions 

and influence of diffusion [111], would be needed. 

 

The background current in the cyclic voltammogram of an electrode is in fact the sum of 

both the capacitive loading current and amperometric leakage current, shown in the 

following equation, 
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leakageSCbackground I
dt

dV
CI +=  

Equation 25 

 

where Ibackground represents the overall current within the potential window without red-ox 

reaction. CSC is the space charge layer capacitance where CDL is omitted due to its larger 

value (see Figure V-2). And with a steady scan rate, the current becomes constant, dV/dt 

stands for the linear scan rate of the cyclic voltammetry, and Ileakage represents the quasi-

DC leakage current through both capacitive layers. Usually, in the case of moderately 

doped semiconductor, CSC is much smaller than CDL and will dominate. Thus a low DC 

leakage current is the specific property of the semiconductor electrode interface. 

Diamond, with a relatively smaller dielectric constant, shows lower background current 

when being used as electrode. However, in the case of quasi-metallic doping, both 

capacitances may become comparable and under potential bias the semiconductor space 

charge layer is tunneled by DC current. Thus, the background current could be then 

higher. 

 

 

 

Cyclic voltammetry 
 

Here, for testing purpose, the diamond electrodes are employed as the working electrode, 

with Pt used as the counter electrodes. Besides the case of the portable device (see 

Section 3.2.2), in all experiments discussed here, the diamond samples are mounted on a 

conductive copper holder and contacted with silver paste (shown in Figure V-3). Then 

Teflon-based adhesive tape is used to passivate the sample as well as to define the 

electrode area by an opening, which is about 1 mm in diameter [52]. After growth, the 

CVD diamond surface is naturally terminated with hydrogen, which could be then 

substituted by oxygen, after being exposed to oxidation treatments.  

 

 
 

Figure V-3 Simple ketch of the 3-electrode glass cell to perform cyclic voltammetry on boron doped 

diamond electrode. 
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Here, a standard 3-electrode glass cell is employed to perform cyclic voltammetry. The 

setup is located in a dark faraday cage to minimize the noise level and the influence of 

light during the measurements. The setup is also equipped with an N2 gas source to 

remove dissolved oxygen. The potential of the solution is determined by an open circuit 

potential measurement with the reference electrode. Normally the data are collected only 

after a number of initial cycles until the I-V curves stabilize.  

 

Reduction and oxidation reactions, which occur at an electrochemical electrode in contact 

with electrolyte, are recorded in current vs. voltage and plotted in either the linear scale 

or the semi-logarithmic scale (Tafel plots). As a positive or negative potential bias is 

applied to the electrode and it swaps to the edge of the potential window, the reaction rate 

will rise, leading to an enhanced charge transfer between electrolyte and electrode. 

 

Considering a redox site with an electrochemical reaction of ‘A + B → products’, which 

appear at the interface, its overall reaction rate is given by following equation, 
 

 

)/exp(0 RTGcckv fBAf ∆−=
 

Equation 26 

 

 

where ∆Gf is free energy difference between the initial reactants A + B and the products 

for a forward reaction, cA, cB are in principle the concentrations of reactants A and B at 

the electrode surface. Therefore, take an anodic reaction for example, when an anodic 

potential bias V is applied, the surface flux density for the is given as, 
 

 

)/exp()( 0 RTVGkcVJ Ox ⋅∆−⋅=  

Equation 27 

 

 

where the unit of J is mol/s·m
2
 per electrode surface and cOx is the concentration of the 

oxidized species, which are assumed to remain constant by rapid transfer of reduced ions 

from the electrolyte to the surface. Considering the exchange current density, which is a 

measure of the reaction kinetics, the net current can be written as sum of the anodic and 

cathodic currents, see Equation 28. Its characteristic behavior follows an exponential 

dependence, comparable to the current vs. potential behaviour of a diode. 

 

 

[ ] [ ]{ }RTVVnFRTVVnjj /)(exp/)()1(exp 000 −−−−−= ββ  

 

with [ ]RTVGknFcj Ox /)(exp 000 ∆−=
 

Equation 28 
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where j0 is the exchange current density, F is Faraday constant, k0 is the electrochemical 

rate constant, β is termed the asymmetry parameter, which will be close to 0.5 when the 

anodic and cathodic branches of the total current are symmetrical, R is the gas constant, 

V0 is the equilibrium potential of this reaction with zero reaction current flowing through 

the electrode and V is the applied potential. This is the Butler-Volmer equation [55]. It is 

seen, that the net current mainly depends on the reaction energy barrier ∆Gf , the voltage 

V applied on the electrode and also the temperature. 
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Appendix VI. pH sensitivity with ISFET 
 

PH sensitivity of water-based solutions is usually described by the amphoteric character 

of hydroxyl groups binding on the electrode surface (site binding model). 

 

 

—C–OH + OH
–
    ↔   —C–O

–
     + H2O 

—C–OH + H3O
+
   ↔   —C–OH2

+
 + H2O 

 

 

As the pH value of the electrolyte varies, the changing concentration of OH– and H3O
+ 

ions in the solution will drive the reaction balance to one end, leading to an 

increased/decreased surface concentration of the specific group. Then the electrochemcial 

potential at the surface will change. In the ISFET configuration, a change in gate bias 

represents the electrochemical potential variation, since the gate functions as the 

electrochemical electrode (see chapter 5). The dependence of surface potential on the ion 

concentration can be described by the Nernst equation [112]: 
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Equation 30 

 

 

where ∆φ is the surface potential at the electrode/electrolyte interface,  kB the Boltzmann 

constant, T  the temperature, q the element charge, cH3O
+ is the concentration of H3O

+ and 

c0 the reference hydrogen concentration. The parameter α is a dimensionless sensitivity 

parameter. 

 

The parameter α changes its value between 0 and 1. It (see Equation 30) mainly depends 

on the intrinsic buffer capacity βint and differential double-layer capacitance Cdiff. Here 

βint is a material-dependent factor, which could be used as criteria for selecting materials. 

For example, with higher βint, Si3N4, Al2O3 and Ta2O5 electrodes of the same 

configuration show a high Nernstian sensitivity around 55 mV/pH, while for a SiO2 

electrode, with a smaller βint value, this is only around 30 mV/pH. 

 

For oxygen terminated diamond, a Nernstian sensitivity of 59.2 mV/pH has also been 

reported, showing diamond has a high sensitivity for pH sensing [109]. There is also an 
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uncertainty factor for diamond electrodes used as pH sensor. The pH sensitivity might not 

be generated exclusively by surface hydroxyl groups but also by other carbon-oxygen 

groups with similar behaviours.  
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