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Abstract

Diamond is of interest as an advanced functional material, since the extreme physical 

properties of diamond, suggests it is ideally suited to a range of new demanding 

applications. In this context, the thesis explores basic surface chemical properties of 

diamond thin films, along with electrochemical, electronic and electron emission 

processes involving this material.

New experiments are reported concerning the nature of surface conductivity on diamond. 

Measurements clearly show that the conductivity only arises if a hydrogenated diamond 

surface is exposed to water vapour, in the presence of chemical species capable of acting 

as electron acceptors. The conduction properties of surface conductive diamond in 

aqueous solution are also studied, and the first detailed electrochemical investigations of 

this material are described.

Comparative electrochemical studies of nanocrystalline and boron-doped diamond have 

been performed. Investigations of electrode stability, and the accessible "potential 

window" are described, as well as the behaviour of a range of 'redox' systems, including 

transition metal complexes, metal deposition/stripping, and bio-related organic species. 

Significant differences between the behaviour of nanodiamond and microcrystalline 

boron-doped material are observed.

A range of surface chemical and threshold photoemission studies of diamond thin films 

are reported. The results indicate that quantum photoyields (QPYs) are insensitive to the 

diamond "quality", although the wavelength selectivity is dependent on it. The adsorption 

of oxygen strongly reduces the QPY, although this only occurs slowly in the presence of 

C>2 because of a low reactive sticking probability. Much more rapid uptake of oxygen and 

consequent reduction of photoyield is observed in the presence of atomic O or 

electronically excited dioxygen 02*. The presence of alkali metals on the diamond 

surface increases the QPY, and reduces the sensitivity of the QPY to surface oxygen. 

Significant differences between the surface chemical properties of Li, and other adsorbed 

akali metals (K and Cs) are observed.
• •
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Chapter 1

Diamond - Introduction

1.1 Introduction and History of Diamond
1.2 Varieties of Diamond
1.3 Physics and Chemistry of Diamond
1.4 Properties of Diamond
1.5 Application of Diamond
1.6 Aims of Project

1.1 Introduction and History of Diamond

Diamond derived from the Greek adamas, meaning "unconquerable, invincible" - was 

traditionally the emblem of fearlessness. Diamond has long held a special place in the 

hearts and minds both of the scientists and the public. Under the "4 C" characterisation 

(Clarity, Colour, Cut and Carat), the diamond has been the most glamorous precious 

gemstone for centuries. As diamond has a crystal structure, it can be cleaved to bring out 

the brilliance and fire created by its high refractive index and optical transparency. To 

scientists, diamond could be the most interesting material owing to its extreme properties 

and potential in the wide range of applications. Many of the new potential opportunities 

stem not from the bulk properties, but from the surface chemistry and surface properties of 

diamond.

Whilst Sir Issac Newton was the first to characterize diamond as containing 

carbon, the French chemist Antoine L Lavoisier was the first to determine that its product 

of combustion was limited to carbon dioxide [1]. Later, the power of x-rays enabled Sir 

William Henry Bragg and his son Sir William Lawrence Bragg to determine that the 

thermodynamically stable carbon allotropes were cubic (diamond), hexagonal (graphite) 

and amorphous. With this information, early attempts to synthesize diamond began in 

France in 1832 with C. Cagniard and later in England by J B Hanney and Henry Moisson.
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In 1943, an early report on the synthesis of diamond in the laboratory was documented in 

Nature (see figure 1). In 1949, W G Eversole from the Union Carbide Corporation [2] 

grew the first diamond at low pressure and from the period 26 November 1952 to 7 

January 1953, he successfully achieved growth on diamond seed crystals and his work 

was later patented in 1962. The date was just before H Liander and Lundblad at 

Allemanna Svenska Elektriska Aktiebolaget (ASEA) in Sweden developed high-pressures 

high temperature process on 15 February 1953 [3], using a liquid metal solvent-catalyst at 

the pressures and temperatures where diamond is thermodynamically stable. 

Independently, the General Electric team synthesized diamond using the HPHT technique 

in 1954 [4], followed by De Beers Adamant Research Laboratory in South Africa [5]. 

Following that, B Deryagin and co-workers [6] investigated different forms of vapour 

transport reactions and the epitaxial growth from hydrocarbons or hydrocarbon-hydrogen 

mixture. Angus and co-workers later reported for the first time in 1968 the preferential 

etching of graphite by atomic hydrogen as compared to diamond, and noted that boron had 

an unusual catalytic effect on metastable diamond growth [7]. The NIRIM group, in 1981, 

demonstrated that diamond films were feasible by means of hot-filament-assisted 

chemical vapour deposition (CVD) and microwave-plasma-assisted CVD [8].

NO. 3829, MARCH 20, 1943 NATURE

Laboratory Synthesis of Diamond
IN 1928 an'article entitled "The Problem of ti 

Artificial Production of Diamond" appeared ::. 
NATURE 1, in which, after a careful analysis of tl. 
existing'evidence, the writer stated : "The conclusi.- 
seems inevitable that diamonds have not yet be-' 
produced in the laboratory, and that inveatigftv 
have been misled into regarding aa diamond vario

'HlTOTUE, 121, 700 (1028).
'Hinnay, J. B., NATiniE. 22. 255 (1880): Proc. Roy. S<x.. A, 30,

188. 450 (1880); A, 32, 407 (1882) ; Chem. ffeun, 41. 106 (1880);
M. 173 (1002). K. Story-Maakelyne, Tl* Tim**, Feb. 20 (1880);
Chem. yew, 41, 07 (1880).

'Robmsnn, R., Fox. J. J., and Martin, A. E., Phil. Tnnt. Roy. Soe., 
A. 232. 483 (1034). Lonsdftle, K., and Smith, H.. NATORI, 148, 
112, 257 (1041). LonKUIe, K., Proc. Ray. Soe., A, 179, 316 (1042).

that some are pure diamond, others are diamond 
plus a small amount of impurity, and only one is 
not diamond at all. One of tho specimens has been 
photographed \winp the powerful 5 kW. X-ray tube 
at the Davy Faraday Laboratory, and it has been 
conclusively provod that this diamond, at least, is 
of the rare (type II) variety, which gives only primary 
diffuse spota and none of the more detailed secondary 
offoct*1 . Not only this crystal, but also several of 

{ the other diamonds which were not submitted to such 
a rigorous X-ray examination, show the highly lam-

Figure 1. An early article by F.A. Bannister of Mineral Department in British Museum and K. 
Lonsdale of Royal Institution reporting the diamond synthesis under laboratory scaled conditions
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1.2 Varieties of Diamond

Natural diamond consists of 98.9 % 12C and 1.1 % 13C. Conventional models have 

diamond growing over geological eons, 200 or more kilometers below the surface of the 

earth under high temperatures and pressures, and subsequently being transported to the 

surface by primary volcanic intrusions. Volcanic rock associated with diamonds is called 

kimberlite in South Africa and lamproite in Australia [9]. Natural diamond is classified 

into four main types: la; Ib; Ha; lib, accordingly to the presence and form of incorporation 

of nitrogen and boron as atomic-scale impurities found in diamond. Most natural 

diamonds are of type la, which contains nitrogen as an aggregated impurity in fairly 

substantial amounts (of the order of 0.3 %) [10], whereas the other three types are very 

rare in nature. Therefore, natural diamond does not give promise as an advanced material 

in electronics due to its rarity and the inconsistency of impurities.

Under high-pressure high temperature (HPHT) techniques, HPHT diamond can 

be crystallised from metal solvated carbon at P ~ 5-10 GPa and T ~ 1800-2300 K (refer to 

catalytic HPHT synthesis in figure 3) [11]. However, the synthetic diamond is always 

contaminated with metal catalysts trapped in the diamond lattice as it forms, which 

produce diamond with colours. For example, type Ib yellow diamonds are grown from an 

iron/cobalt solvent/catalyst (the most produced synthetic diamond in the world) and type 

Ha diamonds are grown from a cobalt/titanium solvent/catalyst and an iron/aluminium 

solvent/catalyst (with the varied percentage of aluminium or titanium getter). The metal 

impurities that create slight imperfections in the crystal lattice would cause too many 

flaws for electronic circuitry and many other applications.

Growth of chemical vapour deposition (CVD) diamond is driven by the 

chemistry and kinetics of gas phase and surface reactions, rather than their 

thermodynamics. This has to be carried out at high degrees of supersaturation, at which 

the probability of the formation of a critical diamond seed crystal is comparable to that of
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the formation of a critical graphite seed and at a temperature where the transformation of 

diamond to graphite is inhibited [1]. Non-diamond carbon phases, deposited on the 

growing diamond are removed through gasification of graphite by atomic hydrogen, or 

oxygen species and by ion impact. CVD diamond possesses the advantageous properties 

over the weaknesses of the synthetic and natural diamonds. Diamond can be grown easily 

as coatings over different substrates, provided that the substrates have higher melting point 

than the working temperature window for diamond growth 1000 - 1400 K. With its 

excellent hardness, diamond can be fabricated for multiple cutting edges on a single tool, 

and thus the need for polishing diamond edges could be eliminated. Since doping is 

possible within the controllable growth system, research or technological application 

demands can be met. With the comparative lower costs of gases and facilities, the 

production of CVD diamond could be one of the most economical alternatives.

Nanocrystalline diamond is a new diamond type that can be grown by a relatively 

unexplored mechanism involving the C2 molecule as the primary growth species. It
^consists of nanometer-sized crystals of phase-pure diamond with sp -bonded grain 

boundary carbon atoms. They are smooth (20 to 50 nm rms surface roughness), 

electrically conductive and highly reflective [12].

Diamond-like carbon (DLC) is a metastable amorphous material, containing a
f\ /•% -i _ ^^

mixture of sp , sp , and sp hybridized carbon, along with hydrogen [1]. Although DLC 

films may crystallize under high-energy ions bombardment at substrate temperatures 

below 325 °C and with some degree of crystallinity at high substrate temperature, DLC 

films are essentially amorphous materials without any long-range order, but with short- or 

medium-range order. While diamond is a well-defined material with fixed properties, the 

properties of DLC cover a wide range of values between those of diamond, graphite, and 

hydrocarbon polymers.
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1.3 Physics and Chemistry of Diamond

Diamond belongs to the space group Oh 7 with eight atoms per primitive (Bravais) cell. 

Each carbon atom has a tetrahedral configuration consisting of sp3 hybrid atomic orbitals. 

The lattice constant is 3.56 A and the bond length is 1.54 A. The atomic density of 

diamond is the highest of any terrestrial material, and this is coupled with its strong, 

directional covalent bonding. The diamond-cubic lattice consists of two interpenetrating 

face-centered cubic lattices, displaced by one quarter of the cube diagonal [13,14,15].

B

i!
JL

/' ianar

^£SE>

B

p* ' 0 _3sf*°

(ii)

(iv)

Figure 2. Schematic illustrations of the atomic 
arrangements in (i) hexagonal graphite, (ii) hexagonal 
lonsdaleite (Hi) cubic diamond and (iv) fullerene C60. The 
letters depict the stacking sequence of carbon layers: planar 
layers for graphite, puckered for lonsdaleite and diamond

Carbon has three more isomers; lonsdaleite (found in meteorites), graphite and 

fullerene. The graphitic sp2 bonding creates strongly bonded two-dimensional planes, but 

weak bonding between the planes. The four equivalent tetrahedral sp3 bonds in lonsdaleite 

and diamond form strong, uniform three-dimensional framework structures, but differ in 

the stacking sequence. In diamond, the C3 C-CC3 connected to the C-C bonded carbons 

are staggered, while in lonsdaleite they are eclipsed. All of the puckered hexagonal rings 

in diamond (see figure 2) exhibit the "chair" form whereas the hexagonal rings of

lonsdaleite are in a "boat" configuration. Fullerene is a family of molecular, geodesic
5
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structures in the form of cage-like spheroids, consisting of a network of five-membered 

rings (pentagons) and six-membered rings (hexagons) and involves the hybridisation of
•3 s\

sp and sp bonding with no unpaired electron [16].

Table 1. Comparison of physical properties of diamond, lonsdaleite and graphite [10]
Property Field Cubic Hexagonal Planar

___________ diamond lonsdaleite graphite
Point group of atoms

Space group
Unit cell constants/ nm

General crystal
_ .j
Density/ kg m 
Refractive index

Td
Oh7 ; Fd3 m
a = 0.357

C-C nearest neighbour distance/ nm 0.154
Bonding sp3

Atoms located at (000)(1/2 1/20)

D6h4 ; P63/ mmc D6h4 ; P63/ mmc
a = 0.252; a = 0.246;
c = 0.412 c = 0.671
0.152 0.142
PM Of1}
ijLS ^r

(000)(003/g) (1/32/30X2/3 1/30)
32/3?/8) (1/32/3 1/3)(00 1/2)

(1/43/43/4)(3/41/43/4)

Zinc blend type 2H-wutztite 
3.52 xlO3 3.52 x 103 
2.417 2.41-2.42;

birefringent

2.3 x 103

According to equilibrium thermodynamics, graphite has an even more favourable 

free energy of formation than diamond under normal ambient pressures and temperatures. 

The Gibbs free energy of formation at room temperature and pressure is 2.9 kJ/mol more 

negative for graphite than for diamond. However, graphite can be transformed into 

diamond upon the application of pressure P (in atm) and temperature T (K) particularly in 

the high-pressure high temperature system (HPHT), by which this relationship is

expressed by equation 1 [17] (see figure 3).

(atm) = 7000 + 27 T (K) (for T > 1200 K) (eqn 1)

At higher temperatures the pressure stability region of graphite expands even further, and 

thus even higher pressures are required to favour the growth of diamond. Equation 1 was

determined from extensive thermodynamic data (listed in Table 2), which includes the
6
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heat of formation of graphite-diamond, the heat capacity of graphite as a function of 

temperature, and the atomic volume and coefficient of thermal expansion of diamond. 

Under the low pressure of the CVD process, diamond is a metastable phase of carbon 

while graphite is a stable phase. Therefore, a real diamond CVD process would have 

taken place under highly non-equilibrium conditions and should be treated by non- 

equilibrium thermodynamics [18]. High concentrations of hydrogen atoms and other 

activated particles provide the driving force for diamond synthesis from the gas phase or 

even from graphite via gaseous intermediates through a set of coupled reactions [19].

120

30

03

Cft 
OJt

Metastable 
CVDDia

1 OOO 2GOO 3OOO 40OO

Temperature 
Figure 3. Schematic illustration of the carbon phase diagram [20]

5000

Table 2. Characteristics of the transition reaction of graphite-diamond [21]
AH°298 K, J/mol
AS°298K,J/mol.K
ACP above 1100 K,J/mol.K
Equilibrium pressure at 2000 K, Pa
Volume change at 2000 K transition, cm3/mol
Atomic volume, cmVmol

V graphite
V diamond

AV

1872 ±75
-3.22
0
64 x 108
1.4

5.34
3.41
-1.93

Although diamonds convert to graphite exothermically, the reaction is slow due to 

the high activation energy, which explains why diamonds stored at ambient temperatures

do not crumble into black graphite.
7
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1.4 Properties of Diamond

The compact structure and surface chemical composition of diamond are important in 

determining a uniquely wide range of physical and chemical properties. Even though 

diamond is obtained as a polycrystalline material by CVD, its properties are similar to 

those of natural diamond [22]. The properties of CVD diamond are listed in the table 3.

Table 3. The properties of CVD diamond [10, 23] 
Properties Value

General

Mechanical

Optical

Chemical 
Biological

&

Electrochemical

Electrical

Thermal

The highest molar density (0.293 g atom cm' ), high specific mass 
density (3.52 g cm"3 ), highest sound propagation velocity (18.2 km

The lowest compressibility (8.3 x 10~13 m2/N), the largest Young 
modulus (1.2 x 10 12 N/m2) with large elastic constant, 107.6 x 10 11 
dyn/cm2, the highest mechanical hardness (~ 90 GPa and scaled 10 
°Mohs) with low coefficient of friction, the lowest loss tangent 
(applications in microwave and millimeter wave), low Poisson's 
ratio (0. 10 - 0. 16), low coefficient of friction (0.05 - 0. 1 in air; near 
1 in vacuum)

Appropriate refraction index (2.417 at 589.29 nm - D line) and 
broad optical transparency (0.22 - 2.5 & > 0.6 ]um) from the deep 
ttv to the far IR region (6-13 jam) of the electromagnetic spectrum 
(small absorption coefficient); potential for both passive and active 
optical application; negative electron affinity

Inert to common acids, corrosive with molten hydroxides, the salts 
of oxy-acids, and some metals; can oxidize (graphitize) readily at 
high temperatures in an oxygen atmosphere, air, water vapor and 
CC>2; resistant to X-ray-radiation, y-radiation, ultraviolet light, and 
nuclear particles. Biologically compatible

Large potential window for water stability (-1.25 V to +2.30 V),
^

low background current densities (~ 1 joA/cm" ), good response to 
redox system

Low dielectric constant (n = 5.58); high breakdown voltage (107 V 
cm" 1 ); high carrier mobility (high electron/hole mobility with 
1900/1600 cmW1 ); high saturation electron velocity (250 
jim/ns); good electrical insulator (room temperature resistivity is ~ 
10 16 Qcm); can also be doped to change its resistivity over the 
range 10-106 Qcm, so becoming a semiconductor with a wide band 
gap of 5.4 eV

Excellent conductors of heat with thermal conductivity (2 x 103 
W/m/K), small thermal expansion coefficient (4.50 x 10"6 K" 1 at 
750 °C), effective Debye temperature (1860 K at 273-1100 K)

8
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1.5 Application of Diamond

With such extensive and excellent natural properties, there are some emerging commercial 

potential applications of CVD diamond. The application of diamond in electronics is one 

of the promising aspects, as diamond possesses a unique combination of desirable 

properties. Two recognised figures of merit exist for evaluating the relative usefulness of 

semiconductor materials [24] (see equation 2 and 3), and from these diamond has rated 

highest according to both Johnson's figure of merit (JFM) and Keyes' figure of merit 

(KFM), with respect to other semiconductors, such as Si, GaAs, InP, GaN and |3-SiC (see

table 3).
EB us

n

KFM =

(eqn 2)

(eqn 3)

where EB = electrical breakdown strength, 03 = saturation carrier velocity, OT = thermal 

conductivity, c = velocity of light (in vacuum), ST - dielectric constant.

JFM is usually invoked to evaluate materials for high-frequency, high-power 

applications such as microwave and millimetre wave amplifiers. Thus, a high JFM comes 

from high dielectric breakdown strength and a high value for the saturated carrier velocity. 

The KFM aims to reflect the suitability of a material for use in very densely packed 

integrated circuit application. With high KFM, more heat can be dissipated from the 

device per unit area, and a low dielectric constant is valued as this could minimise 

device's impedance.

Table 4. Relative figures of merit for electronic device materials

Material

Si
GaAs
InP
GaN
(3-SiC
Diamond

EB (V cm' 1)
3x10'
4x10'
6x10'

20 x 10'
40x10'
100 x 10'

OS(cm s" 1 )
1.0 xlO7
2.0 xlO7
2.0 xlO7
2.5 x 107
2.5 x 107
2.7xlO ;

OT (W cm' 1 )
1.5
0.5
0.7
1.5
5.0

20.0

Gr

11.8
12.5
14.0
9.5
9.7
5.5

Ratio to Silicon
Johnson

1.0
6.9
16.0

281.6
1137.8
8206.0

Keyes
1.0
0.5
0.6
1.8
5.8
32.2
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Table 5 shows that each of the potential application requires the properties of diamond to 

be optimized to fulfill a different function.

Table 5. The potential application ofCVD diamond [10,23]

Properties Applications

General

Mechanical

Optical

Chemical & 
Biological

Electrochemical

Electrical

Thermal

Excimer laser patterning, millimeter-wave traveling wave 
amplifiers, backward wave oscillators, speaker diaphragms

Tribological and wear resistant coating for cutting tool inserts, 
conformal coatings for microelectromechanical system e.g. CVD 
diamond-coated drill bits, reamers, countersinks, gearboxes, 
engines for machining non-ferrous metals and composite 
materials, with reduced lubrication and longer lifetimes, medical 
implants, circuit-board drills, abrasive pump seals, extrusion dies, 
jet-nozzle coating

uv detectors for solar physics missions, infrared optics and 
emission sensor in harsh environments, laser protection, X-ray 
window, cold-cathode emitters, antireflection and bearing 
surfaces, picosecond high-voltage electro-optic switches, fiber 
optics, radomes, laser and x-ray windows

Electrode for electrochemical waste treatment; corrosion and 
erosion resistant coatings; hazardous bio-agents and gases 
sensors, reaction vessels, ion barriers, crucibles, fiber coatings

Electrosynthesis; electrocatalysis; electroanalysis; 
electrochemical detector for flow injection analysis, liquid 
chromatography, electrodestructive application for waste water 
treatment and pollution control

Flat panel display, field effect transistor, thermistors, varistors 
and negative resistance devices; charged particles detectors, high- 
power transistors, high-power microwave, photovoltaic elements

Electrically insulating thermal conductor and heat sinks for 
various electronics applications, e.g. laser diodes, small 
microwave integrated circuits, multi-chip modules, surface 
acoustic wave devices, and high power GaAs-based circuits

10
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1.6 Aims of the Project

The aim of this project is to gain clear insight into the manipulation of surface electronic 

states of diamond by controlling the surface adsorbate termination and by changing the 

environment chemically or physically.

• To grow diamond in the scale of microscopic and nanoscopic size, perform 

extensive surface characterization and maximize the quality of the grown 

diamond (Chapter 2, 4 and 6)

• To monitor and analyse the surface conductive layer for undoped diamond 

in vacua and solution. Various gases, solution pH and temperature were 

amongst the parameters of investigation. Electrochemical response was 

also made possible for analysis (Chapter 3)

• To investigate the electrochemical properties of nanodiamond as compared 

to microscopic boron-doped diamond, in response to standard buffer 

solutions, organic compounds and metal deposition. Various surface 

manipulations were also carried out (Chapter 4)

• To investigate the oxygen adsorption chemistry on diamond with regard to 

differing oxygen dosage methods, such as molecular, excited and atomic 

oxygen. The effect of hydrogen pre-adsorption and substrate temperature 

platen are also examined on oxygen adsorbability. And the manipulation 

of the gaseous adsorption-and-desorption by using Li was also studied 

(Chapter 5)

• To study the photoemission property of diamond for a possible cold 

photocathode application in correlation to photoyield vs adsorption of gases 

and deposition of alkali metals. The dependence of photoyield on growth, 

quality, reflective and transmissive modes were investigated (Chapter 6)

11
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Experimental Theories and Techniques

2.1 Surfaces
2.2 Adsorption
2.3 Ultra High Vacuum

2.3.1 Gas Kinetics in UHV
2.3.2 UHV Apparatus
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2.5.1 Quadrupole Mass Spectrometer
2.5.2 Temperature Programmed Desorption

2.6 Microwave Plasma Discharge Beam Source
2.7 Electron Affinity
2.8 Threshold Photoemission

2.8.1 Reflective Emission of Electrons
2.8.2 Transmissive Emission of Electrons

2.9 X-ray Photoelectron Spectroscopy
2.10 Electrochemistry
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2.10.3 Rotating Disc Assisted Electrochemistry

2.11 Scanning Electron Microscopy
2.12 Atomic Force Microscopy
2.13 Raman Spectroscopy
2.14 Field Emission
2.15 Growth of CVD Diamond by MWPECVD

2.15.1 Surface Chemistry of CVD Diamond Growth
2.15.2 Growth of CVD Diamond
2.15.3 Characterization of CVD Diamond
2.15.4 Summary

2.1 Surfaces

The importance of the surface composition and properties of solid materials has gained 

recognition and attention for a long time ago. The earliest documented references written 

in 1250 AD from the manuscript of De Proprietatibus Rerum (The properties of things) 

[1], stating the importance and problems faced in bondability:
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When a plate of gold shall be bonded with a plate of silver or joined thereto, it is 
necessary to beware of three things, of dust, of wind and of moisture: for if any come 
between the gold and silver they may not be joined together ...

Compared to the bulk composition, the topmost atomic layers of materials are always 

more difficult to be controlled as the nature of the surface is influenced more by its 

environmental parameters. Interfaces and thin films display a myriad of fascinating 

fundamental structural, electronic and chemical properties. These lie at the heart of a 

diverse range of modern technologies encompassing such areas as colloids, detergents, 

biological systems, electrochemistry, catalysis, nanotechnology, chemical sensors, organic 

electronics and most other modern semiconductor devices.

What is the microscopic structure of the interface or thin film, and how is this 

related to the molecular forces involved? How can the macroscopic properties and 

function of the system be controlled by the nature of the atomic and molecular 

constituents at the interface? These are unifying questions, which run across a very 

significant range of research activities, concerned with interfaces and thin films. Answers 

to the basic questions noted above, which are the focus of academic study today, should 

underpin new industries and technologies in the future, since it is increasingly the trend 

that the successful applications of new materials rest critically on the molecular control of 

surface properties.

2.2 Adsorption

Langmuir first developed a simple theory of surface adsorption, which assumes that there 

are a specific and fixed number of adsorption sites per unit area available on a surface [2]. 

The probability that an incident particle will adsorb is known as the sticking probability, 

Se, which is dependent upon the fractional surface coverage, 6, given as

Se = So(l-9) (eqnl)

14



Chapter 2

where So is the initial sticking probability on a clean surface. However, some doubtful 

assumptions of this model were made, including the presence of one adsorption 

monolayer, negligence for the lateral interactions between adsorbate species and also the 

omission of the consideration for precursor states.

Lennard-Jones model [3] was later proposed (illustrated in figure 1), considering 

the roles of precursor states, and conceptualising the binding of an adsorbate in a 1 D 

potential via four main channels (hypothetical trajectories). The channels are elastic 

scattering (no energy is exchanged), direct inelastic scattering (energy exchanges and the 

molecule is reflected from the repulsive wall with more kinetic energy at a broader angular 

distribution) and sticking either due to chemisorption or physisorption. Chemisorption 

involves a total energy drops below the zero potential energy curve after a sufficient 

energy loss on the first encounter with the repulsive wall. The molecule will lose further 

energy and drops to the bottom of the chemisorption well. Molecule involving 

physisorption, however will fall into the physisorption well, and is required to overcome a 

barrier in order to enter the chemisorbed state.

(a)

Surface 
normal

Incident

(b)

Trapped/ 
Sticked

Elastic c 
Direct 
Inelastic

Physisorption well

F

Chemisorption well

Distance from surface

Figure 1. (a) Schematic diagram of scattering channels for a molecule incident on a surface; and 
(b) an one-dimensional representation of non-activated adsorption (i - elastic scattering 
trajectory, ii = direct inelastic scattering trajectory, Hi = sticking event of chemisorption, iv = 
sticking event of physisorption)
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Therefore, the initial sticking probability according to this model is

Nstick Nstick—————————— f ~N 
Nine 0^° Nel+Nin + Nstick (eqn2)

where Nstick is the number of particles that stick to the surface, Nine is the total number 

incident on the surface, Nel is the number scattered elastically and Nin is the number 

scattered inelastically.

And the modified sticking probability for equation 1 will then become

where K is a system constant, dependent upon the statistical probabilities of each possible 

post-precursor states.

A chemisorption is non-activated (as shown in figure Ib) if the chemisorption 

energy is equal to the desorption energy and the sticking probability will often decrease 

with the increasing of temperature. Whereas, for activated chemisorption, by which the 

chemisorption energy is less than the desorption energy, the sticking probability will 

increase with the increasing of temperature. A barrier separating the chemisorption well 

from the gas phase will distinguish activated adsorption from non-activated adsorption.

2.3 Ultra High Vacuum 

2.3.1 Gas Kinetics in UHV

Ultra high vacuum (UHV) was born in 1950 with the invention of the Bayard-Alpert
o

gauge [4], which made possible for the first time measurement of pressure below 10" 

Torr. Such ultra low pressure is essential as the fundamental environment for surface 

analysis studies in order to minimise the collision frequencies of unwanted gas particles 

from bombarding (contaminating) the surface of interest. The particles under UHV can 

move freely without any mutual hindrance and is the type of molecular flow, by which its
16
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mean free path is greater than the diameter of the conducting tube, i.e. X > d [5]. The rate 

of flow is therefore determined by the collisions of molecules with the tube walls rather 

than molecule-molecule collisions.

From the kinetic theory of gases, the arrival rate of Z molecules cm'V1 of 

molecular weight M g mole"1 at a temperature T K and at a pressure ofP Torr (1 Torr = 

1.33 x 10~2 Ncm"2) is given by the Hertz-Knudsen equation (equation 4) [6]

Z = P/(2n MkT)m molecules cm'Y1 (eqn 4)

_ /s^ iwith k — Boltzmann constant of 1 .38066 x 10" JK" , and can later be simplified as

Z = 3.51 x \tf2 P/(MT)m molecules cmV (eqn 5)

Hence at pressures below 10"9 Torr at room temperature, the arrival rate of molecules 

would take up several hours to form a monolayer compared to several seconds at a 

pressure of 10"6 Torr.

To obtain the equilibrium pressure, pu (see equation 6) set under UHV, the 

consideration of many factors as follows would be crucial;

p =
S'P (eqn 6)

The parameters involved are the gas that backstreams from the pump (Qs), the gas that 

permeates or 'real leaks' through the fabric of the vacuum chamber (Qi) and the gas 

desorbs from the walls and materials of the vacuum chamber (Qw). From the equation 6, 

Pu can be minimized by simply decreasing the gas influx (Qs, QL and Qw) or by increasing 

pumping speed (Sp). For efficient pumps and leak tight apparatus, Qw represents the most 

important barrier to the attainment of UHV as the gases tend to chemisorb on the metal 

components of the vacuum chamber or glass surfaces of viewing ports, which would not

be obtained without proper bake-out [7].
17
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To diffusion pump

Filament/ Getter / 
Sapphire window

To diffusion pump

Quadrupole mass 
spectrometer

Electron 
analyser

Dosing 
inset

Microwave plasma 
source

Sample 
manipulator

Figure 2. Pictorial diagram of UHV chamber for surface science studies

The UHV system illustrated in figure 2 employing suitable experimental procedures will 

give the base pressure of 2 x 10~10 mbar after bake-out. The system is divided into two 

separate chambers by a gate valve. The upper chamber was pumped by a 150 / s" 1 oil 

vapour diffusion pump and equipped with a 100 mm VG Microtech CLAM 2 

hemispherical sector analyser and a PSP dual Mg-Al anoded X-ray source for XPS 

studies. The lower chamber was pumped by a 1350 / s" 1 oil vapour diffusion pump and 

equipped with a Hiden Analytical HAL EPIC 1-300 amu quadrupole mass spectrometer 

for temperature programmed desorption (TPD) and residual gas analysis. The lower
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chamber was also equipped with an /w-house built microwave discharge source (without 

magnetic field) for generating atomised gas beams. The diffusion pumps were backed by 

a two-stage high vacuum rotary pump, and the background pressure of both chambers 

were monitored by two Bayard-Alpert hot cathode ionisation gauges to allow the system 

pressure to be constantly monitored.

Ir-filaments were fitted at upper chamber to activate or dissociate gases, as used 

for the experiment set up in Chapter 5. A sapphire window was housed at the same port 

for uv excitation for the photoemission project as stated in Chapter 6. Other dosing gases 

were introduced into the chamber by ex-situ stainless steel gas lines fitted with precise 

leak valves.

2.4 Sample Mounting and Preparation

Diamond samples were cleaned in acetone by 15 min sonication in an ultrasonic bath, 

followed by 10 min in ethanol and was later dried. The sample was mounted on two 

tantalum (Ta) foil support clips (shown in figure 3), which were previously spot-welded to 

stainless steel holders on top of the sample manipulator. Good mounting of sample on the 

clips is crucial to allow adequate provision for 3 dimensional movements in order to 

enable its access to all experimental probes and gas sources within the chamber. Apart 

from that, this could also enable good thermal contact, which is essential to achieve 

uniform heating across the sample. Tantalum was chosen as it has a very high melting 

point (3269 K) and retains much of its Young's Modulus at high temperatures. The 

sample temperature was monitored by using a chromel-alumel thermocouple spot-welded 

to another tantalum foil clip, in full contact with the back of the sample. The heating of 

samples was controlled by computer with Labtech Notebook software for the purposes of 

constant, manual and linear-ramped heating. The sample was annealed gradually to 1000 

°C after proper system bake-out to remove residual carbon, hydrogen and oxygen species
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from the sample. This step was followed by more repeated cycles of flashing to high 

temperatures and cooling to room temperature until a clean surface was obtained under the 

examination of XPS.

Ta thin clip

Ta thin foil

Front View

Stainless steel 
support rod

Thermocouple wires Back View

Figure 3. The schematic picture of sample mounting

2.5 Mass Spectrometry

2.5.1 Quadru pole Mass Spectrometer

The quadrupole mass filter was first proposed by Paul in 1953 [8], and figure 4 shows the 

instrument schematically. A quadrupole mass spectrometer is a mass analyser with a 

combination of a d.c. and a radio frequency (r.f.) electric field applied to four parallel rods, 

in order to separate ions according to their mass-to-charge ratio [5,7]. A potential 

consisting of a constant d.c. (U) component plus an oscillating r.f. component (V cos cat) 

is applied to one pair of rods whilst an equal but opposite voltage is applied to the other 

pair. At a given set of voltage conditions, only ions with a certain mass to charge ratio 

(m/z) could manage to follow a stable periodic trajectory of limited amplitude and are 

transmitted to the detector or an electron multiplier. A simple pulse height reading circuit 

is used to convert the periodic pulses from the electron multiplier to a d.c. signal suitable

for driving an X-Y recorder. By increasing the d.c. and a.c. fields whilst keeping a
20



Chapter 2

constant ratio between them, this resonant condition is satisfied for ions of each ascending 

m/z ration in turn.

r.f. and d.c.' 
voltages

Ion source

Sample

Recorder

Detector

Quadrupole 
mass filters

Figure 4. The longtitudinal cross-section structure of a quadrupole mass filter, showing a stable 
trajectories

2.5.2 Temperature Programmed Desorption

Thermal desorption of an adsorbed molecule occurs when a surface is heated, as a result of 

a species being thermally promoted to higher bound and eventually unbound states in the 

shallow potential energy well, representing the surface-particle interaction [9]. It is a 

process that is heavily dependent on activation energy and temperature according to the 

Arrhenius equation:

dn ~dt = n
RT (eqn 7)

where, x = order of reaction, n = surface concentration, vx = frequency factor and Ed = 

desorption energy. When the surface is being heated up by a linear temperature ramp, the 

gas will evolve from the surface on assumption that the heat applied and temperature rises 

are homogenised on the surface. At the same time, masses of interest are monitored by a

mass spectrometer to record the pressure versus temperature spectrum. The desorption of
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a particular binding state results in a transient mass spectrometer signal and a peak in the 

pressure-temperature curve. The desorption peak height is proportional to the desorption 

rate as long as the pumping speed is sufficient for re-adsorption to be negligible.

According to the analysis of Redhead [10], the temperature at which the peak is 

maximum (desorption peak) corresponds to the maximum rate of desorption when d2n/dT2 

= 0 and T = Td, which later yields the first-order desorption (x = 1);

Ed _ dt

The peak is asymmetrical and Td is independent of surface concentration, n.

For a second order desorption (x = 2), a series of desorption peaks would shift to 

lower temperatures at increasing coverage, thus the process is surface concentration 

dependent. However, the Td peak is symmetrical with bell-shaped profile.

(eqn9)
RT; dT RTd

__ __ o

Due to highly linearity for the relation in between Ed and Td within 10 < v/p <
•i s\ 1

10 (K~), Redhead made an approximation of equation 8 of a first order reaction into

v^ - 3.64 (eqnlo)

In brief, temperature programmed desorption (TPD) spectra can provide 

information of adsorbed species and desorption reaction products according to their 

atomic mass units (amu); the temperature regimes where desorption occurs; the extent of 

surface coverage by the adsorbate and some other important kinetic parameters, such as 

the order of reaction, the pre-exponential frequency factor, vx and the activation energy of 

desorption, Ed as a function of surface coverage.

Desorption from a C VD diamond surface encompasses desorption from all of the 

exposed facets, as well as from grain boundaries and defects. Although desorption spectra
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from polycrystalline surfaces are expected to be far more complex than those from single 

crystals, it is instructive to compare kinetic parameters obtained from CVD diamond 

surfaces with those of the low-index planes of natural diamond single crystals [11]. This 

may help to determine which sites are most active for diamond growth. The areal 

densities of carbon atoms on the low-index planes of the diamond lattice vary from 1.57 x 

10 15 atoms/cm2 for the (100) to 1.81 x 10 15 atoms/cm2 for the (111) to 2.22 x 10 15
^atoms/cm for the (110). Since the CVD diamond surface is composed of a combination 

of these and other higher index planes, an average of these values is used; however, this 

introduces an uncertainty of up to 20 % [11].

2.6 Microwave Plasma Discharge Beam source

A microwave discharge source without magnetic field has been employed inside the UHV 

system (see figure 2), to produce high purity and highly dissociated atomic beams of 

hydrogen and oxygen. The source consisted of a compressed-liquid nitrogen-cooled 

Pyrex cavity with the pressure inside being monitored by a pirani gauge. The discharge 

was excited by feeding about 150 W of microwave input power into a coaxial cavity 

resonant at 2.45 GHz (Sairem). Atomic gases diffused into the reaction chamber via a 1 

mm diameter capillary through 20 mm long of exit canal [12,13].

2.7 Electron Affinity

The electron affinity of a semiconductor, % is the difference between the vacuum level and

the conduction band edge/ minimum, i.e. x, = ^+ (Ep - ̂ V) - Eg

= (£Vac - £F) + (£F - EV) - Eg

= Evac -EcBM (eqnll)

where (/> (work function), £F (Fermi level), EV (valence band maximum), Eyac (vacuum

level), £CBM (conduction band minimum), Eg (band gap). A typical band scheme of a
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semiconductor surface is shown in figure 5. For a typical surface with a positive electron 

affinity (figure 5a), the vacuum level lies above the conduction band minimum (CBM) 

creating an energy barrier of positive electron affinity (x > 0), which prevents low energy 

electrons in the conduction band to escape into the vacuum [14]. If the vacuum level lies 

below the CBM (figure 5b), a true negative electron affinity (NEA) surface is produced 

with x < 0. In most cases, instead of true NEA, the vacuum level lies below the CBM only 

for bulk generated electrons and not for surface excited electrons (figure 5c), producing an 

effective NEA. This is due to the reduction in electron affinity and downward band 

bending in a short characteristic length at the surface as a result of positive charge at the 

dipole induced-surfaces, such as in the presence of electropositive adsorbates. 

The magnitude of the effective NEA (see figure 5(c)) is determined as

Xeff = <pBB-X (eqn!2)

where <PBB is band bending and x is positive electron affinity. Therefore, the surface 

modification by electropositive species is required for promoting effective NEA (increase 

band bending) that could increase the probability of photoelectron escape into vacuum. 

An effective NEA gives most efficient emission of electrons if the depletion (bending) 

region is thin since this allows little time for electrons to lose energy to a point where 

cannot escape. Electrons can even tunnel from bulk to vacuum if the depletion region is 

suitably thin, which can avoid surface charging effect due to electrons trapping in the 

surface region.

In general, excitation of electron into the conduction band can be accomplished 

using light (photoemission), particle bombardment (secondary emission), a forward-biased 

w-contact (cold emission), applied field (field emission) or a rise in temperature 

(thermionic emission).
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Figure 5. Band schemes of semiconductor surface: (a) Positive electron affinity, (b) true negative 
electron affinity, and (c) effective negative electron affinity

The presence of NEA can be determined experimentally by measuring the energy 

distribution curves of the photoexcited electrons and observing whether the low kinetic 

energy threshold coincides with the CBM [15,16]. In practice, NEA can be obtained for 

many conventional semiconductor materials by heavy /^-doping of the semiconductor (to 

encourage downward band bending the surface) and by adding a thin film (several atomic 

layers) of caesium rich-caesium oxide on the clean semiconductor surface.

A lot of interest exists concerning diamond since NEA can be induced by H- 

termination as a result of the dipole present in the chemisorption bond. Hydrogen-induced 

NEA on diamond surface can be achieved by a variety of means including mechanical 

polishing in olive oil followed by solvent degreasing, exposure of the clean surface at 

room temperature to atomic hydrogen, cleavage in molecular hydrogen at atmospheric 

pressure and exposure of the surface to hydrogen plasmas [14].
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2.8 Threshold Photoemission

Ever since the physics of the photoelectric effect was resolved by Einstein in 1905 [17] 

with the introduction of the quantum nature of light, photoelectric emission has evolved 

into a powerful technique for the study of the electronic and geometric structure of solids 

and surfaces. Spicer's three-step model [18] for photoelectric emission was first 

employed to the study the excitation, bulk-to-surface transport and electron escape 

phenomena of 3 - 5 compounds NEA photocathodes since late 70's.

2.8.1 Reflective Emission of Electrons

The Spicer equation for quantum photo-yield (QPY) [18] is derived from the product of 

all probabilities of each step, which give overall probability of photoemission (see figure

6)

QPY(hv) — [Pelectron excitation} x [Pelectron transport} x [Pelectron escape} (eqn 13)

QPY(hv) = (l-R)
a(hv)

x
I

1 + l/a(hv) L
x P

(eqn 14)

where $(hv)/a(hv) is the fraction of the absorption events to generate 'useful' electrons. 

a(hv) = (3(/zv) + On(hv\ by which P(M>) and On(hv) are the optical absorption coefficient 

for excitation into states above and below the vacuum level, respectively. R(hv) is the 

optical reflectivity of the material, and P is the surface escape probability for electrons. L

is the electron diffusion length in the bulk and is a function of the kinetic energy of the 

photoexcited electrons, which is dependent on the photon energy.

The P/« ratio will approach unity as electron affinity (7) is reduced to zero. As x 

is decreased, L(hv) will be increased since each electron is able to lose more energy to 

inelastic scattering and can still escape [19].
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Thus, the simplified quantum photo-yield for reflective emission is

OPY(hv} = ^ ) p
l+l/a(hv)L (eqnlS)

Qualitatively - large values of a(hv)L will result in high electron yields, since the 

electrons are created in a region near the surface, short compared to their transport length. 

For semi-transparent films, the situation is more complicated since carriers need to be 

created within their transport length of the back surface; if a or the film thickness is too 

large, the light does not reach this region, whilst if these parameters are too small 

insufficient absorption takes place. Models show that high electron yields are expected 

when the transport length and the thickness of the absorbing film are comparable, and are 

greater than the absorption length [20]. Electron escape depths, while only up to about 10 

nm in PEA devices (Csl for example has low values of L due to electron-phonon collisions 

[21,22] can be as high as 5 jtim in NEA devices. For high L, crystal with excellent quality 

is required as the existence of defect states in band gaps can act as traps for electrons 

travelling at conduction band minimum.

• As for the case of diamond, L varies from 10 to 50 nm for photon energies 

of > 7.3 eV (170 nm) to more than 1 fj,m for photons with energies close to 

the indirect band gap of 5.5 eV [23]

• For high a, direct bandgap materials are needed - obviously diamond is not 

ideal for this until very high energy radiation is applied

• P as the surface escape probability for electrons, would be a function of the

surface treatment and condition. For high P, the diamond should possess 

surface NEA properties
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The fundamental aspects of photoemission from solids are normally understood in terms 

of a three-step model developed by Spicer [18,19] with the assumption that photoemission 

was a bulk rather than purely surface event (see figure 6).

Conduction 
band

A

Energy 
gap, Eg

Valence 
band

A

Probability of being
excited with sufficient

energy to escape

Probability of 
reaching surface

with sufficient 
energy to escape

Probability of
escape after

reaching surface

Figure 6. The three-step model of photoemission drawn for a conventional cathode. A is the 
successful excitation of electron high into conduction band, whereas B is not; C is the 
thermalization process (losing energy) during electron transport due to collision, with lattice or 
with other electrons; D is due to the thermodynamic temperature excitation, obtained as dark 
current when semiconductor was shielded from all incoming radiation. The electron affinity, % 
should be low to increase the number of electrons able to escape. The work function, (f) should be 
high to reduce the thermal excitation, D
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Step 1. Absorption of light or Excitation of electrons

The optical absorption coefficient should be high in order that the incoming photons can 

be absorbed at appreciable distances from the surface and excite the electrons high into the 

conduction band, well above the vacuum level (A rather than B in figure 6), so that they 

can escape even after losing energy in collision. In the case of diamond photoemission, 

light is needed with energy above the indirect diamond band gap (5.5 eV), or in order to 

induce better absorption, energy above the direct band gap of 7.2 eV is needed.

Step 2. Electron Transport

Energetic electrons have short mean free path and little hope of reaching the surface with 

their kinetic energy intact. With a positive electron affinity surface, most electrons would 

therefore be trapped. For the case of negative affinity, the electrons energies are first
I sy

moderated by collisions with lattice phonons, on a time scale of the order of 10" s. The 

electrons may then diffuse through the conduction band towards the surface as 'minority 

carriers', occupying states near the bottom of the conduction band before falling to an 

empty state in the valence band ('recombining' with a hole). This recombination takes 

place in a time scale of the order of 10~9 s to 1Q'7 s [20],

Step 3. Emission or Electron escape

Electrons, which reach the surface before recombining will be emitted as photoelectrons. 

However, not every electron that reaches the surface will be emitted, even for NEA 

semiconductors. This is because there is a finite probability for quantum mechanical 

reflection at the vacuum-solid interface and only the component of momentum 

perpendicular to the surface could overcome the potential barrier at the surface [14,24].
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2.8.2 Transmissive Emission of Electrons

Incident of light on the near surface will generate the photoexeited electrons, which will 

diffuse through the thickness of the film and emitted from the backside of film. The term 

for this type of emission from the far face is called transmission mode photoemission. 

The system with emission from either the same face or far face can be treated by use of 

planar-diffusion models [20]. The theory has been studied in some depth by Antypas et 

al. [25], Symn [26] and Lui et al [27]. The calculation is not dissimilar to the calculation 

in equation 15, although a different excitation function is used, with the main extra 

emphasis for the calculation of flux of electrons reaching the far face. If the thickness of 

the film is larger than one electron diffusion length, L, the transport of the pnotoexcited 

electrons at photon energies near the band gap can be described by the continuity equation

dn 2L- -
~£~ ~D~ (eqnl6)

where n is the excess electron density, D.n is the electron diffusion constant, and g(x) is the 

generation rate of electrons.

The photoelectrons generated by the uv photons, however may suffer from many 

elastic or inelastic collisions, before they could finally approach the surface and escape. 

The probability for a photoelectron produced at thin layer with a distance dx from the 

surface of a thick photocathode is

Qdx c _x/ i 
A (eqn 17)

which is termed as conventional reflective mode of photoemission, x. is measured from the 

surface through which the photon entered. The situation would obviously be more 

difficult for the transmissive mode than the reflective. For transmissive mode, the 

thickness d of which the photon enters, transports through and escapes from the surface 

must be considered.
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If x is measured from the surface across which the electron escapes, the probability 

that a photoelectron is produced at x is

-«-*'*• (eqnlS)
A

The escape probability G(x) is assumed as

G(x) = Te-" L (eqnl9)

where L is the escape length and T < 1 is the probability that an electron can reach the 

surface from bulk and escape. By the multiplication of equation 18 and 19, a model for 

the observed quantum efficiency of a transmissive mode of photocathode [21] can be 

obtained

°bs 1 JO

-dl

L-^ ' (eqn20)

Figure 7 shows the predicted results in term of the variation in photoyield with the 

sample thickness. The plot shows that both transmissive and reflective emissions increase 

with the absorption on the surface of a photocathode. This is due to the excitation of 

electrons to the conduction band. For reflective emission - once absorption becomes high 

enough and the incident light is absorbed within 'reach' of the surface, the reflective 

photoyield would tend to be saturated which is in compromise in between the parameters 

of absorption depth and electron diffusion length. This reflects the behaviour of the Spicer 

model.

For transmissive emission (depending on recombination rate), the yield reaches a 

maximum before the absorption becomes so high that most light is absorbed near the front 

surface and electrons do not reach the far surface. The photoyield will then decrease 

towards zero as less and less light can penetrate far enough into the film to produce
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electrons within their diffusion length of the far surface. If the film becomes thicker than 

the sum of the maximum absorption depth and maximum diffusion length, then no 

transmissive electron emission should take place.

Reflective mode

Transmissive 
mode

Thickness

Figure 7. Dependence of photoemission on sample thickness, including reflective and 
transmissive mode

While the changes of emission with thickness is shown in plot figure 7, the 

subsequence change in absorption coefficient or carrier transport length will also lead to a 

change in emission. A similar plot with aL on the x-axis instead of thickness would look 

very similar.

2.9 X-ray Photoelectron Spectroscopy

The revolutionary development of the photoelectric effect was initiated on the basic of 

Planck's quantization of energy concept in 1900 [28] and Einstein's photoelectric effect in 

1905 [17]. Both of the ideas have laid the foundation for the theoretical understanding of 

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis

(ESCA), which explain the direct transfer of a photon's energy to electrons within an
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atom, resulting in the emission of the electrons without energy loss [29]. Throughout the 

1950's and 1960's, Siegbahn and co-workers in Uppsala of Sweden have further 

developed the instrumentation and theory of ESCA [5,30], which have provided the 

method we use today.

XPS provides a compositional analysis of a surface with both qualitative and 

quantitative information on binding energy as the indicators for chemical states of 

particular elemental species and chemical shifts of bonding environments or functional 

groups.

In photoelectron spectroscopy of solids, the kinetic energy of electrons is ejected 

when a solid is irradiated with monoenergetic photons of energy hv. The relevant energy 

conservation equation is

hv + £"tot = EM, + Eftot(k) (eqn 2 1 )

where £*tot is the total energy of the initial state, £*,„ is the kinetic energy of the 

photoelectron, and Fftot(k) is the total final energy of the system after ejection of the 

photoelectron from the k th level. The binding energy of the photoelectron is defined as 

the energy required to remove an electron to infinity with a zero kinetic energy [31]. In 

XPS measurements En(k)^ the binding energy of an electron in the k th level referred to the 

local fermi level is given by,

EB(k) = Eftot - Eltot (eqn 22) 

Thus, the resultant photoelectric equation is

= Ekin + EB(k) (eqn 23)
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Sample j^- Spectrometer

Figure 8. Schematic diagram of the relevant energy levels for binding energy measurements. The 
incoming photons, energy hv, create an electron of kinetic energy E^n relative to the vacuum level 
of the sample. The electron is detected by a spectrometer with a work function (j)spec> so that the 
measured energy Ekin = E^n - (</>spec - fy

By grounding the sample and the spectrometer, a good electrical contact will be 

made between them, putting both of the Fermi levels (Ep) at the same energy level (figure 

8). However, the EKm and EB of the spectrometer do not exactly equal the X-ray energy of 

Einstein equation. The difference is the work function of the spectrometer (0spec)- Since 

the work function, $ is related to the EF and vacuum level (Evac) (see equation 24),

= Evac - (eqn 24)

and is the minimum energy required to eject an electron from the highest occupied level 

(EF) into vacuum and, and the Einstein equation now becomes;

EB(k) = (eqn 25)
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The assumption for the equation is that the binding energy and the spatial distribution of 

the remaining electrons after photoemission is exactly the same as in the initial state. This 

approximation is called Koopman 's theorem, assuming that the photoemission process is 

fast relative to rearrangement of other electrons in the atom [32], and the binding energy 

equates with the negative orbital energy of the emitted electron;

EB = -£ (s = orbital energy) (eqn 26)

However, this theorem does not occur in reality as the photoionisation and photoemission 

happens in such a way to permit modification to the states and energies of other electrons 

in order to reach a stable equilibrium with the involvement of intra-atomic relaxation;

i n =hv- EB(k) + Eintra (eqn 27)

where Eintra is energy for intra-atomic relaxation shift. In the case of metal, in particular, 

the valence electrons are weakly bound and very mobile and so will screen the core hole 

efficiently which leads to an additional inter-atomic relaxation shift and to an emitted 

kinetic energy which is higher than from the atom in its free state,

Eki n =hv- EB(k) + E^a + Einter (eqn 28)

where Einter is energy for inter-atomic relaxation shift. Both relaxation shift energies are 

only of the order of a few eV or less, as compared to EvB(k) of several hundred eV and are 

thus intentionally ignored in a simple treatment.

As well as the generation of core photoelectron lines in XPS, certain outgoing 

photoelectrons undergo characteristic energy losses as they are ejected from the atom. 

The consequential loss of kinetic energy by the photoelectron is observed in the XPS 

spectrum as a minor peak to the higher binding energy side of the characteristic core level. 

So-called shake-up satellites occur when the emergent electron promotes a valence band
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electron to a higher energy level, and plasmon loss peaks arise from emitted electrons 

losing energy to collective oscillations of electrons in the valence or conduction band. 

The auger process is the another phenomena which is due to an outer electron falling to 

populate an inner unfilled orbital, causing the transfer of excess energy to another outer 

orbital electron which will result in the emission of that outer electron.

From the core electron binding energies, important information about the chemical 

elements can be obtained However, the presence of the atoms bound to particular 

chemical configurations will change the electron binding energies. Such dependence on 

atomic environment causing the difference energy shifts from the characteristic peak is 

known as chemical shifts. The size and direction of these chemical shifts will provide the 

information of the related chemical states on the bonding environment.

The average depth from which electrons of a given energy can be emitted is given

Emission depth, d = h(E') cos 9 (eqn 29)

where A(E') is the average distance within the substrate between inelastic collisions of 

electrons with energy E ', and 9 is the angle of motion with respect to the surface normal. 

The /I value is predicted by Seah and Briggs [33] by following an empirical relationship in 

equation 30. This assumption is based on the £&„ of certain material and its atomic 

diameter, with a range within 2-10 atom layers.

538a 12

nm E> v "" (eqn 30)

where E' is the kinetic energy of the electrons (eV) and a is the mean atomic diameter of 

the element (nm). Despite the fact that the incident x-ray photons can penetrate significant 

distances into the substrate bulk, the stimulated electrons are subject to inelastic collisions 

which prevent them from reaching the surface, so that the value of/I is actually a couple of 

orders of magnitude lower than the photon penetration depth. It is found that the
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maximum surface sensitivity is achieved when 5 < E' < 2000 eV, which corresponds 

typically to values of A. of around 3 atomic layers [33].

The line intensities or areas of the photoelectron peaks are of interest for 

quantitative analysis. The intensity of a given line depends on a number of factors 

including the photoelectric cross section a, the electron escape depth A, the spectrometric 

transmission, surface roughness or inhomogenities as well as the presence of satellite 

structure. For XPS peaks of elements A and B with similar energy AA = AB presuming the 

instrumental factors for both elements are the same, then relative composition ratio can be 

obtained as given in equation 3 1 if they are distributed homogenously throughout the

sampling depth,

CA _ JA °B
CB IB ° 'A (eqn31)

where C = atomic concentration, / = XPS peak area of core level, <r = photoemission 

cross-section of core level for atomic A or B.

The XPS of core level C Is peak at 284.75 eV (referenced to clean Ni(lOO) Fermi 

edge [34]) is fairly independent of carbon hybridisation, which is insensitive to 

differentiate between graphite, diamond and amorphous carbon. However, at the low 

binding energy end between 0-30 eV, the XPS valence band spectra can be used for 

various carbon phase characterisation as a result of contributions from s, p-cr and p-n 

valence electrons. At around 285 - 320 eV, the information about the plasmon loss 

structure region can also be used to differentiate the differing forms of carbon phases. The 

bulk diamond plasmon peak occurs at + 35 eV relative to the carbon C Is peak, and a 

smaller peak due to the surface plasmon excitation occurs at + 23 eV. In contrast, the 

main plasmon band for graphite gives a broader n + a peak at + 26.8 eV plus a small 

fingerprint peak at + 6 eV [35], whereas the plasmon peak for the amorphous carbon 

occurs at 25 eV [36].
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2.10 Electrochemistry 

2.10.1 Electrode Dynamics

The work of Faraday in 1834 and the laws of diffusion proposed by A. Pick in 1855 have 

laid the foundations for dynamic electrochemistry [37], which is concerning the study of 

electron transfer reactions between electrode and reactant molecules in a solution phase. 

With the fundamental measurements of potential, current and time, many electroanalytical 

techniques have been developed and more parameters to be considered responsible for 

controlling the rate of the charge transfer process, such as the electrode potential, transport 

of material between the electrode and bulk solution, the reactivity (ease of oxidation or 

reduction) of the solution species, the nature of the electrode surface and the structure of 

the interfacial region over which the electron transfer occurs [38].

The Nernst equation is named after the German physical chemist Walther H. 

Nernst who first formulated it. A general charge transfer reaction proceeds as in equation 

32, with oxidant O being reduced to reductant R or vice verse for oxidation

v,0/(aq) + ... +«e" <-» VjRj(aq) + ... (eqn32)

From the relation of the reaction Gibbs function, AGr with the composition of

K = ^= —— lr
IW (eqn33)

i

where K corresponds to the equilibrium constant for the electron-transfer reaction given.

Therefore,

., AG0 RT

the first term on the right of this equation is called the standard cell potential and denoted 

E9 is given as,

<®-nFE™ = AG 1" (eqn35)
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which E is the standard reaction Gibbs function of the reaction expressed as a potential 

(in volts). It follows that

RT77 - F® -I- III- ln -? _____
* ' nF i{[R\vj (eqn 36)

j

where # is the universal gas constant, T is the absolute temperature (K), n is the charge 

number of the electrode reaction, and F is the Faraday constant (96485.3415 C mole" 1 ). 

The equation 36 is the Nernst equation, which describes the variation of electrode 

potential for each electrochemical reaction with the activities (concentration) of oxidised 

and reduced species under conditions of equilibrium at the electrode surface.

For an electron to transfer from one form to the other, i.e., from the reduced to 

oxidized form or vice versa, an energy barrier of height AGr (activation Gibbs function) 

must be surmounted. Although the current is zero for the net rate of passage of electrons, 

the passage of current called exchange current, io in a single direction is not zero in the 

dynamic equilibrium.

io=nFAj, (eqn 37)

^where, A is the electrode area/ cm and j is the flux of oxidant or reductant reaching the 

electrode surface/mol cm"2 s"1 . A rate law can describe the flux:

j = ko[R]o or j = k0 [O]0 (eqn 38)

where k0 is the heterogeneous rate constant for the electron transfer reaction and [R]o the 

concentration of the reductant (or oxidant [0]o) at the electrode surface. Unlike in the 

equilibrium situation, the concentration of the reductant or oxidant at the electrode surface 

is not equal to that in bulk solution, because the rate of depletion of the species by
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electrolysis is usually greater than the rate of diffusion from the bulk solution to the 

interfacial region.

From O(aq) + e~ ^ - R(aq) (eqn 39)
"OX

the currents from reductive and oxidative components are:

ic = nFAkred [0]o and ia = nFAkox [R]0 (eqn 40)

thus the total current flowing,

i = ia -ic == nFA(kox[R]Q - kred[O]o) (eqn 41)

The rate constant for a heterogeneous electron transfer process is dependent on the 

potential field close to the surface driving the movement of electrons, hence on the applied 

electrode potential E. As found experimentally, the dependence of constants is of the

form

arjF 0 (\-a)riF _—— ] kox = k°ox Qxp[ ' ] (6qn42)

where a is transfer coefficient - a measure of the symmetry of the energy barrier and a 

constant over a reasonable range of potential, with value commonly close to 0.5 (0 < a < 

1). rf = E-Ee is overpotential - a measure of reversibility of the redox process.

From both equations of 41 and 42, these give the Butler-Volmer equation, relating 

the net current flowing at the working electrode to the overpotential, which is fundamental

to electrode kinetics:

. , _ (\-a)riF _ _ ariF „ , ... '= 'o(exp[ " ]-exp[-— '—}} (eqn 43) 
Kl Kl

If the overpotential is oxidative (anodic) process driven, then the corresponding reductive 

component is vanishingly small

• = '0 exp [ ] (eqn 44)
Kl
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At overpotentials that drive the reductive (cathodic) process, negligible oxidation currents 

flow; thus equation 43 simplifies to

i= i0 exp[--] (eqn45)

2.10.2 Cyclic Voltammetry

Cyclic voltammetry (CV) yields information on the kinetics and the mechanism of the 

electrode dynamic process by sweeping the working electrode potential back and forth 

across the formal potential of the analyte. In the cases of electrochemical processes at 

metal electrodes in which both the oxidizing and the reducing agent are soluble, the 

following equations (46-51) hold:

For diffusion-controlled, reversible simple electron transfer reactions, the peak 

current is given by the Randles-Sevcik equation (at 25 °C) [39,40],

ip = 2.69xl(f n3/2 Dm v1/2 c0 (eqn 46)

dEp/dv = 0 (eqn 47)

I A£p | = 0.059/n (eqn 48)

and for diffusion-controlled, irreversible simple electron transfer reactions,

ip = 2.99 x l(f n of/2 D1/2v]/2 c0 (eqn 49)

d Ep/d log v = -0.030/ a (eqn 50)

|AEp| =0.0487 an (eqn 51)

In these equations, ip represents the peak current density, n the number of electrons being 

transferred per substrate molecule, D the diffusion coefficient, v the potential scan rate, c0 

the bulk concentration, a the transfer coefficient, Ep the peak potential, A£p is the 

separation between the peak potentials = £p,a - £p,c. A£p is a measure of reversibility of
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which the heterogeneous transfer rate constant can be calculated, using the reduced 

expression in equation 52, where ¥ is obtained from A£p vs *¥ calibration curve [41,42].

,1/2v (nF/RT)] "L (eqn 52)

For quasi-reversible systems (with 10~5 < k° < 10" 1 cm s" 1 ), the current is controlled by both 

the charge transfer and mass transport. The shape of the cyclic voltammogram is a 

function of k°l(nDd)m (where a = nFv/RT). As k°/(nDa) l/2 increases, the process 

approaches the reversible case. For small values of k°l(7tDd)m (i.e., at very fast v) the 

system exhibits an irreversible behaviour.

The current response is limited by the rate at which reactants can be transported to 

the electrode surface. By using Picks Laws and Nernst's diffusion layer model, the 

expression for the transport limiting current can be formulated

him = nFADco/S (eqn 53) 

where ium is the limiting current related to the diffusion layer thickness (S).

2.10.3 Rotating Disc Assisted Electrochemistry

On rotating disc-assisted electrochemistry, the electrode is embedded centrally within a
_ rrr\ Jf

large cylinder composed of an insulating material such as Teflon (figure 9), and rotated 

at a constant speed. The rotation spins the solution out from the cylinder surface in a 

radial direction, drawing out the fresh material up towards the disc and a sustainable 

steady supply of electroactive material to the electrode is achieved. At higher rotation 

speeds, the velocity of the solution towards the electrode is greater.

fto, = 0.62nFAc0 D273 v 1/6 aj/2 (eqn 54)
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Equation 54 is the Levich equation for the rotating disc-assisted electrochemistry and 

predicts the variation in the transport limited current, ///„, as a function of the rotation

0 1speed, co, v is the kinematic viscosity of the bulk solution, cm s" (viscosity/density). 

Ideally, a plot of the transport-limited current against the square root of rotation speed 

should yield a straight line, which passes through the origin. A deviation from linearity of 

the Levich plot suggests some kinetic limitations.

Contact

Plastic 
tube

Sealant

Cylindrical 

Electrode

Disc 
Rotation

Figure 9. (a) The typical construction mounting of a disk electrode; (b) laminar flow lines at the 
rotating disc

From the equation 53 and 54,

nFADco/S = 0.62 n FA c0 D2'3 vV3 .-1/6 7/2
G)

= 1.613 D1/3 co 1/2 v1/6 (eqn 55)

As noted in the equation 55, the diffusion layer thickness £has shown to be proportional

to D and the enhanced convective transport of the electroactive material (with the 

increasing electrode angular velocity, cS) will subsequently results in concomitant
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shrinking of the diffusion layer thickness. Rotation speeds of 100 - 4000 rpm thus 

correspond to 8 value in the 5-50 jum range.

For voltammetric studies an Autolab PGSTAT 30 potentiostat system (EcoChemie, 

Netherlands) was employed with a Pt mesh counter electrode, a saturated Calomel (SCE) 

reference electrode (Radiometer, Copenhagen). Demineralised and filtered water was taken 

from an Elgastat water purification system (Elga, High Wycombe, Bucks) with a 

resistivity of not less than 18 MOhm cm.

Ever since the first mentioned of diamond used as electrochemical electrode [43], 

the electrochemistry of diamond has been studied intensely over the recent years and 

proposed for demanding applications such as wastewater treatment [44], electroanalysis 

[45], electrosynthesis [46], sonoelectrochemistry [47] and post column detection [48]. 

Most work to date has been carried out with boron-doped diamond electrodes, which can 

be obtained with different doping levels and properties [49].

Accurate control and reproducibility of the doping level are, however, problematic 

and therefore alternative procedures for the formation of electrically conductive diamond 

films are still in demand. In this project, surface conductive diamond (Chapter 3) and 

nanodiamond (Chapter 4) were compared to boron-doped diamond in the aspect of 

electrochemical characterization and electroanalysis.

2.11 Secondary Electron Microscopy

Secondary electron microscopy (SEM) is a useful qualitative imaging technique, giving 

the information of topography (the texture), morphology (the shape, size and arrangement 

of the particles making up the object) and composition (the elements and compounds the 

sample is composed of and their relative ratios).

SEM may utilise a number of different types of signal to produce an image from a 

sample. All of the images taken under SEM throughout this project are based on emissive
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mode, which collects secondary emitted electrons or back-scattered electrons with high 

sensitivity to variations in atomic number (hence composition) and topography [50].

The secondary electrons, with low kinetic energies can be obtained as an ionization 

product at very shallow depths (~ 0.1 j^rn) from a wide range of trajectories. The reflected 

primaries or back-scattered electrons are scattered from atoms within a shallow depth (~ 1 

jam) in the sample, and the heavier atoms can scatter electron beam to higher extent than 

lighter atoms. X-ray fluorescence will also be generated simultaneously from the atoms in 

its path, with each X-ray photon energy is the characteristic of an element. The Energy 

Dispersive X-ray Spectroscopy (EDX) microanalysis system collects the X-rays, sorts and 

plots them by energy, and automatically identifies and labels the elements responsible for 

the peaks in this energy distribution.

Two major SEM systems were used for projects, a Jeol JSM-5200 system 

operating at 25 kV with a beam current of ~ 130 jaA for surface topographic studies and 

SEM Cambridge Stereoscan 360 system with EDX for compositional elementals analysis 

and higher resolution images.

The SEMs were used for surface characterization of CVD polycrystalline diamond 

at varying growth times, nanocrystalline diamond and metal deposits.

2.12 Atomic Force Microscopy

Unlike Scanning Tunneling Microscopy (STM), the Atomic Force Microscope (AFM), 

designed by Binnig, Quate, and Gerber in 1986 [51], is capable of resolving individual 

atoms on insulating surface as well as conducting materials. The AFM is a combination 

principle of the STM and stylus profilometer (SP), respectively to resolve the atomic 

surface structure of conductors and to record three-dimensional images of the surfaces 

with high lateral and vertical resolutions. The images are obtained by measurement of the 

force on a sharp tip created by the proximity to the surface of the sample. When the tip is
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moved sideways, it will follow the surface contours. This force is kept small at a constant 

level with a feed back mechanism.

AFM has two important modes of operation, the contact mode and non-contact 

mode. In the static or contact (repulsive-force) mode, the tip is in contact with the surface. 

At the front of the cantilever spring, a tip, typically the V-shaped SisN4 cantilever (120 

mm long) is mounted and the force sensor is integrated on the base.

D-F-AA (eqn56)

where D = deflection of the cantilever, F — interaction force, Ah = vertical tip motion. The 

force applied is of the order of 1 - 10 eV/ A, or 10"9 - 10"8 N, and the individual atoms can 

be imaged. In AFM non-contact (attraction-force/ tapping or dynamic) mode, the tip is 

not in contact with the surface. The cantilever spring is oscillated at its resonance 

frequency, which is influenced by changing forces from the sample. The frequency 

deviation is used to make an image of the sample.

A/~F~/z (eqn57)

where A/= shift in resonance frequency of vibrating cantilever, F = interaction force, h = 

tip-surface distance. The tip is usually a bar-shaped single crystal Si cantilever (125 mm 

long, f = 265 kHz). Different interactions due to a range of forces can be monitored and 

detected, including Van der Waals, electrostatic and magnetic forces. Though the atomic 

resolution is difficult to be achieved in non-contact mode, the important information about 

the surface is obtainable [52].

Root mean square (RMS) roughness in AFM describes the variation in surface 

elevation. It is also known as the standard deviation of the surface height within a given 

area. In this project, a Digital Instruments Multimode Scanning Probe Microscope is used 

to obtain the AFM images for diamond thin films and nanocrystalline diamond. Most of
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the time, the contact mode is applied for imaging, unless if the diamond surface has too 

rough contour, the non-contact mode is utilised instead.

2.13 Raman Spectroscopy

In 1928, Sir Chandrasekhra Raman discovered the phenomenon that bears his name [53]. 

In Raman spectroscopy, the sample is normally irradiated by intense laser beams in the in­ 

visible region (at a frequency of v0\ and the scattered light is usually observed in the 

direction at 90° (right angle scattering) and 180 ° (backscattering) of the incident beam 

[54,55]. The scattered light consists of Rayleigh scattering, which is strong and has the 

same frequency as the incident beam, and the other is Raman scattering, which is very 

weak (~ 10~7 of the incident beam) and has frequencies v0 ± vm, where vm is a vibrational 

frequency of a molecule in the case of vibrational Raman spectroscopy.

An electric dipole moment P is induced when a substance is irradiated by laser 

where a is a proportionality constant, called polarizability, E is electric field strength of 

the electromagnetic wave, t is time.

P-aE = aEQ cos2^v0 r (eqn58)

If the sample material is Raman active, the laser photons are scattered after having 

lost or gained energy, depending whether they have excited (v0 - vm: Stokes Raman line) 

or de-excited (v0 + vm anti-stokes Raman line) of a lattice vibration in the sample.

The anti-Stokes line is much weaker than the Stokes line, and it is the latter which 

is normally observed and used. Thus, Raman spectroscopy is a measurement of the 

vibrational frequency of a molecule, vm as a shift from the incident beam frequency, v0 . 

Since

q +K , cm * (eqn59)

(eqn60)
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where qo is the vibrational amplitude, ao is the polarizability at the equilibrium position, 

thus

P = da

[ ft \ 
—

0 A>
'0

Q [cos{2fl-(v0 - vjf}+ cos{2;r(v0 + vm)t}] (eqn 61)
2

The first term represents the Rayleigh scattering effects, and the second term corresponds 

to the Raman scattering of frequency Stokes and anti-Stokes respectively. If the rate of 

change of polarizability (da/dq)o is zero, then the vibration is not Raman-active.

As based on the diamond's face-centred cubic lattice with space group Fd3m, it 

was predicted that singly degenerate first order phonon of symmetry T2g is raman active 

and appears at 1333 cm"1 with a full width at half maximum (FWHM) of 2 cm"1 for 

natural diamond [56]. Lattice strain, particle size and impurity inclusion may cause 

broadening and shifting of this peak [57]. In CVD diamond, there is often disorder
"J ?

graphitic and/or glassy carbon and amorphous sp I sp carbon mixture present in the 

lattice, which manifests itself as a weak signal at 1357 cm"1 (the "D" band, as attributed to 

a shear mode of adjacent sheets) and a stronger broad peak at 1580 cm"1 (the "G" band, as 

attributed to stretching of individual sheets). Group theory predicts these two Raman 

active modes of graphite with space group P63/mmc, both of £2% symmetry.

The scattering cross section and penetration depth of laser light are very different 

for diamond and non-diamond species, which makes Raman spectroscopy a bulk 

characterisation tool for diamond (eg. sampling depth around 10 micron), but a much 

more surface sensitive characterisation tool for graphite. For example, an argon ion (Ar+) 

514.5 nm laser has lower sensitivity to non-diamond carbon than a helium-neon laser 

(HeNe) 633.8 nm laser. Therefore, the measure factors that can be used for the diamond
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quality are (a) the ratio of diamond line to non-diamond broad peak height ID/IG, and (b) 

spectral features such as band widths and peak shifts [58]. It is also worth to note that the 

appearance of a Raman peak near 1150 cm" 1 has always been an indicator for poor quality 

CVD diamond or even a coexisting sp2 phase of transpolyacetylene [59], though the peak 

has been assigned widely as the signature of nanocrystalline diamond [60].

A Dilor Labram spectrometer was employed for all Raman studies. A XI00 

objective was used, resulting in a laser spot size of a few |um in diameter. The spectra 

were referenced against the silicon Raman line at 520.7 cm" 1 .

2.14 Field Emission

Field emission was arguably first studied by Winkler in the 18th century [61], but Wood 

was apparently the first who reported the phenomenon in 1897 [62]. However, all of the 

classical theories had failed completely to describe the occurrence. Only when Fowler and 

Nordheim proposed the phenomenon in 1928 [63], the puzzle was solved. They were the 

first who applied quantum mechanics to explain the field emission of electrons from a 

metal.

Field emission is the process of electrons tunnelling through the potential barrier at 

a solid-vacuum interface in the presence of a large surface electrical field. This is in 

contrast to thermionic emission and photoemission. The thermionic emission is 

intrinsically temperature-dependent which requires high operating temperatures. It also 

contributes to the background noise as dark current. For photoemission, it is dependent on 

the intensity of incident photon energy to excite the electrons in the valence band.

According to Fowler and Nordheim, the current density / varied with the applied 

voltage V (in equation 62), where (/> is the work function, A is a function of ^, B is a 

constant, and ft is a geometrical factor dependent on the electrode configuration, F = /TV, 

with F is the magnitude of the applied electric field (V/|im)
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= A (J3V) exp (- (eqn 62)

Thus, a plot of ln(//F2) vs 1/F should be linear and have a slope proportional to <f/2 .

Some other models for this charge transport were also been proposed to yield 

linear correlations of their respective parameters, such as the Schottky emission model for 

ejection over a surface barrier (a current-voltage relation of / ~ exp(aV*/2/kT)), the space- 

charge-limited current (SCLC) model for transport through the bulk (/~ Ffor low fields, / 

~ V" for high field with n > 1) and the Poole Frenkel (PF) hopping model modified by

1/2.SCLC (/- Vs exp(aV^/kT) [64].

In the absence of an external field, electrons in the highest filled energy level are 

confronted by a wide potential barrier, which prevent the electrons from escaping into 

vacuum. The height of such barrier is known as work function <j> for metals. By applying 

electric field, the barrier height can be reduced and electrons in the vicinity of the surface 

will experience a finite potential barrier, enabling the quantum mechanical tunnelling of 

electron to take place through the sufficiently low and thin barriers (figure 10 a).

(a)

Metal

1

Vacuum

(b)
Diamond;

Field 
emission

EVB
Potential change, 
by applied field

distance x

Vacuum

Lowering of x by surface 
dipole

•--—---••----Evac

i e
Field 
emission

Potential change, 
by applied field

1.1 A distance x

Figure 10. A schematic drawing of the energy level representation for the field emission process, 
(a) Field emission from a metal and, (b)from boron-doped diamond, showing the lowering of % by 
surface dipole
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For diamond, the barrier height (or electron affinity) can be altered by surface 

modification with adsorbates. The treated surface with electropositive species, such as 

hydrogen and alkali metals are well known for enhancing better emission properties 

[65,66], both in terms of low threshold voltage and high emission currents. Positive 

electron affinity of as-grown diamond was converted to negative electron affinity (NBA) 

with the vacuum level lies beneath the conduction band minimum, which will ease the 

emission of electron without barrier (figure 10 b). In contrast, the oxidised and 

halogenated films will induce the opposite effects.

The emission properties could also be crucially dependent on the total emission 

sites and graphite contents. Higher defective density or poor diamond [67,68], fibrous 

diamond-like material [69] or discontinuous diamond [70] and nanocrystalline diamond 

[71,72] has shown to be much better field emitters than high quality, well-faceted, 

continuous and microcrystalline diamond. The surface morphological effect is illustrated 

as in figure 11. Electrons are believed to preferably transport through the conducting 

medium along grain boundaries and defective sites of higher graphitic contents, and thus 

would increase the total emission in the vicinity of the diamond-graphite-vacuum triple

junction.

(a) (b)
Grain boundary

e-

i'fi.'f^'fritftfcoooot.-.t.-.oo.c-.^.-.oo.fcftftftftft'ftftfJ

.-%«v>s-s-v-s-s> %v%v;v%vivi !
Substrate

Figure 11. A microstructure model for describing the electron transport path and the resulting 
field emission mechanism of the CVD diamond with different structural properties; (a) Structure 
of well-faceted, continuous film with high quality, large grain size and minimal nondiamond 
carbon content, and (b) structure of non-faceted, discontinuous film with poor quality, small grain 
size and large nondiamond carbon content
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2.15 Growth of CVD Diamond by MWPECVD 

2.15.1 Surface Chemistry of CVD Diamond Growth

Chemical vapour deposition (CVD) [73] is the process of thin film formation on a solid 

surface by the heterogeneous reaction between a reacting gas and a hot surface. Under the 

operating gas phase mixture of H2 and CH4 at optimal surface temperature, diamond 

growth can take place from the (100)-2 x 1: H and (lll)-l x 1: H surface structures, by 

employing methyl radicals, acetylene or both as the assumed growth precursors, governing 

the growth rate and quality [74]. On the basic of growth, the incident hydrogen atoms 

abstract hydrogen from surface C-H bonds via an Eley-Rideal mechanism (with products 

escape directly into the gas phase), creating dangling-bond sites at which hydrocarbons 

can adsorb. Further surface H-abstraction and rearrangement reactions will form new C-C 

bonds and remove the remaining H atoms, incorporating the adsorbed species into the 

diamond lattice. The main growth process of diamond proceeds through (i) nucleation, 

(ii) growth and (iii) formation of surface morphology.

(a) Nucleation

A surface nucleation process is initiated by the impingement of atoms upon the deposition 

substrate from the gas phase and become adsorbed onto the surface. The adatoms may re- 

evaporate, diffuse over the surface, diffuse into the substrate or bond to other surface 

atoms. With the increasing of time, the surface concentration of the adatoms increases at 

the substrate surface and clusters will be formed via the free growth of the individual seed 

crystals. Diamond was also suggested to have nucleated in the vapor phase [75] or even 

with the possible embryos formation of several hydrocarbon cage compounds [76] e.g. 

adamantane, tetracyclopentadecane and hexacyclopentadecane or ring compounds [77] 

e.g. cis boat-boat bicyclodecane and trans boat-boat bicyclodecane. Defects induced 

phenomena, such as mechanical scratches, grain boundaries, dislocation outcrops, bias
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enhancement, ion implantation, etc can also mediate further growth of the crystal via the 

arising re-entrants from the intersection of twin bands or stacking faults with the surface, 

acting as favourable sites for nucleation of new layers [78].

The presence of additional gaseous impurities can also increase nucleation 

densities, inducing rapid decomposition of gases and nucleation of small clusters which 

serve as seeds for the subsequent deposition of carbon on their surface [79], such as in the 

presence of halogen/hydrogen mixtures [80], oxygen [81], SiH* [75], B2Hs [75] and CO2 

[82]. The nucleation density critically influences the thickness, crystallite size, 

homogeneity, morphology, adhesion and surface roughness of deposited diamond films. 

A high nucleation density allows a complete film of smaller grains to form within a 

relatively short time, and leads to a smoother film surface than those grown at lower 

nucleation densities [83]. A low nucleation density may give rise to large crystallites and 

a discontinuous film within a limited time.

(b) Growth

The reactants, products and reactive species are transported throughout the reactor by 

diffusion and convection (figure 12). The stable clusters formed in nucleation stage will 

provide suitable sites for growth either from the continued migration of single adatoms or 

from the direct impingement of atoms from the gas phase, causing the sizes of clusters to 

increase almost uniformly until the crystals approach each other. For processes at higher 

pressure, a stagnation layer is formed just above the deposition surface through which the 

reacting species must diffuse. But at low pressure, the near surface chemical environment 

may proceed via adsorption, diffusion, reaction and desorption of various species, leading 

to the nucleation of diamond particles, suppression of graphitic (or sp2) carbon, and 

ultimately the growth of a continuous diamond film.
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(a) REACTANTS
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Figure 12. Schematic diagram of the principal elements in the complex diamond CVD process; 
(a) flow of reactants in to the reactor, (b) activation of the reactants by thermal and plasma 
processes, (c) reaction and transport of the species to the growing surface, and (d) surface 
chemical processes depositing diamond and other forms of carbon; (e) the gas phase species mole 
fraction profiles for CH4 (0.5 %) in a HI flow containing 1 % atomic hydrogen, after [78]

The gaseous chemistry in CVD diamond is driven by the reactions of atomic 

hydrogen with hydrocarbon species and reactions among the hydrocarbon species. The 

hydrocarbon reactants would be coupled by hydrogen transfer reactions and rapidly 

equilibrate on the surface with their distribution depends directly on the atomic to 

molecular hydrogen ratio. Subsequent reactions among hydrocarbon species may be near 

or far from equilibrium depending upon pressure and residence time since hydrocarbon 

concentrations are quite low (figure 12 e). The chemical composition for the flux of 

species arriving at the deposition surface may differ from the bulk gas well away from the 

surface due to chemical reactions caused by the temperature and concentration gradients in 

the boundary layer. Other important roles that played by atomic hydrogen are (i) etching
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non-diamond phases that can be formed simultaneously with the diamond phase, (ii) 

stabilizing the surface by saturating the surface dangling bonds (sp3 configuration of the 

growth sites instead of a sp2 configuration), (iii) reducing the dimension of the critical 

seeds, leading to a reduction in their surface energy, (iv) generating growth sites at the 

surface by H-atom surface abstraction, and (v) prohibiting the formation of aromatic 

hydrocarbons such benzene, which can lead to non-diamond phase formation.

The first initiation step involves the activation of a surface carbon by the H 

abstraction is shown in equation 63;

CdH + H -» Cd» + H2 (eqn 63)

This step is followed by the addition of methyl or acetylene molecules [84,85], and is later 

activated by the H abstraction for further propagation process. Most of the propagation 

steps would involve the facile hydrogen abstraction and re-attachment, the occasional 

chemisorption of the hydrocarbon species at a radical site, unimolecular desorption of 

hydrocarbon species singly bonded to the surface at higher temperatures, and facile 

radical-radical reactions on the surface.

(i) methyl addition, through the successive attachments of CHX (x < 4) species 

(methyl radicals) at radical sites and reactivated by H abstraction (equation 64).

H H 

H H CH3 H CH2 H CH2 H ^c'
Yd—Cd* ^\M—Cd' ^ \d—Cd ^=± XCd Cd ^ \d Cd (eqn 64) 

CH, H

acetylene addition, with C^. acts as the principal precursor for adventitious sp2- 

bonded carbon, producing more defective diamond than CH3 in the form of point defect 

and dislocations which are likely to cause cracking or graphitisation [86].
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or proceed via

H
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(c) Formation of surface morphology

A secondary growth involves the growth on primary grain faces and the evolution of 

secondary particles, with the fusion and absorption on their particle faces. With the 

increasing of growth time, the average crystal size increases as the films grow and at the 

same time, the size distribution broadens. The feasibility of specific transformations of 

diamond surface could critically depend on the change in entropy due to factors such as 

adsorption or desorption, steric hindrances, and transition-state configurations. Various 

classes of morphological structures are determined by the concentration of hydrocarbon 

gas in the reaction gas and substrate temperature. Normally, as refer to figure 13, at low 

temperature (high hydrocarbon supersaturation) with high methane concentration, crystals 

with {111} faces are favoured and at high substrate temperature (low supersaturation)

with low methane concentration, cube faces are dominant [87,
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400
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Figure 13. Evolution of the diamond films morphology as function of % CH4 and substrate 
temperature, with the figure on the right showing the expanded region of higher substrate 
temperature

The evolution of the morphology and texture of diamond is illustrated by van der 

Drift's model [89], which is based on the principle of "survival of the fastest" or the model 

of "evolutionary selection", stating that only those crystals with a rapid growth direction 

perpendicular to the substrate surface will survive, whereas crystals with all other 

orientations will be gradually buried. According to the model as shown in figure 14, a 

continuous transition is expected in its vertical growth rate from a <100> texture for cubic 

crystals with oc=l, a<110> texture for cubo-octahedral crystals with a = 1.5, and to a 

<111> texture for octahedral diamond crystals a = 3. However, the <110> textures could 

develop for 1.5 < a < 3 due to the modification by twin formation [90,91]. In a theoretical 

study, Wild et al [92] have defined a factor as a = 3 1/2 (V{100}/V{111}), where V{100} 

and V{111} are the growth rates of the <100> and <111> directions, respectively. The 

calculated [93] and experimental [90,93] results show that <110> is the direction of fastest 

growth with the film surface consisting of {111} planes. However, the film texture and
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surface morphology are critically dependent on the growth conditions. Under conditions 

where {100} or both {100} and {111} planes develop, the preferred orientations that 

different from the (110) fiber texture may form.

(a)

a =1.0

a-1.29

a=1.5

a = 2.0

a = 3.0

(b)

a =

A

1.5<a<3

a = —
2 (2b{ +b2

+ 1

Figure 14. (a) Growth forms of diamond crystals for growth parameters a = 1.0, 1.29, 1.5, 2.0 
and 3.0 (b) A (100) facet for 1 < a < 1.5 and a (111) facet for 1.5 < a <3, which can be used to 
determine a, after [94]

According to the principle of evolutionary selection [95], the development of fiber 

textures is a result of the growth competition between randomly oriented diamond 

crystals, and the resultant direction of fiber axis coincides with the direction of fastest 

growth. With the increasing of film thickness, both crystal size and size distribution 

increase, and the degree of texture improve with the concomitant reduction of overall 

misorientation. However, due to the lack of surface diffusion and re-evaporation at the 

diamond film, morphological instabilities occur in high rate CVD of thick diamond films 

(typically > 20 juim) [96]. The morphological instabilities are magnified during sustained 

growth as a result of competitive shadowing, nutrient starvation/ overfeeding, orientation
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effect and anisotropic growth of crystals as well as surface chemical reactions between the 

growing diamond surface and oxidizing species, causing not only extreme variation in 

crystal size, but also incorporation of voids and non-crystalline phases in diamond films. 

Two approaches have been suggested to overcome the morphological instabilities by 

increasing the nucleation density and by introducing periodic interruption of a growth 

process for each 20 (im. This is done by deliberately depositing very thin diamond-like 

carbon films on the surface in order to stimulate the re-nucleation on diamond for 

recommencing further growth.

2.15.2 Growth of CVD Diamond

Microwave is an electromagnetic wave having a wavelength from 300 mm to 10 mm (1 

GHz to 30 GHz), generated in a high frequency generator (magnetron) which is tuned at a 

fixed oscillating frequency whereas a plasma is a gas containing charged and neutral 

species, including some or all of the electrons, positive ions, negative ions, atoms and 

molecules at very high temperature [97]. Plasma is often referred as the fourth state of 

matter, since it occurs by transmitting energy (electric or heat) to a gas via an electric 

field. Under plasma discharge at low pressures (low collision frequencies), the electrons 

can accumulate sufficient kinetic energy thus having a higher probability of producing 

excitation or ionization during collisions with heavy particles. Thus, higher dissociation 

of gas can be promoted, increasing the concentration of atomic gases.

Ever since 1970s, microwave plasma had been applied as another alternative to 

other low pressure diamond growth methods, such as hot filament, DC discharge, DC 

plasma jet combustion flame and RF-assisted CVD [78]. Microwave plasma-assisted 

CVD has proved to enhance significantly the dissociation of molecular hydrogen into 

atomic hydrogen and to activate hydrocarbon radicals into promoting diamond formation. 

The excitation frequency of typically 2.45 GHz for microwave plasma CVD is used to
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oscillate and to accelerate electrons or ions to energies of 50 - 1000 eV in the vicinity of 

the deposition or etching substrate, and the collision between electrons with gas atoms or 

molecules could further generate higher ionization fractions [97,98]. The evolution of 

MPACVD accordingly to the excitation frequency is shown in table 1.

Table 1. The time evolution ofMPACVD according to the excitation frequency of the plasma 
________Method_______________Reference after [IS]__________

915 MHz plasma Miyake et al. (1988)
2.45 GHz low pressure plasma Kamo et al. (1983, 1990); Badzian et al (1986);

Bachmann et al (1988a, b); Smith et al (1992);
Ishibori & Ohira (1990); Jiang & Klages (1993);
Liouetal. (1988); Change^/. (1988) 

2.45 GHz thermal plasma torch Mitsuda et al (1989)
2.45 GHz magnetized (ECR) Kawarada et al (1987); Suzuki (1989); Yuasa et 
plasma al (1991) 
8.2 GHz plasma Aklufi & Brock (1989)

Compared to other low pressures growth methods, diamond can be grown at 

linearly controllable growth rates with good stability of the deposition parameters under 

microwave plasma assisted CVD. The MPACVD also allows feasible mixtures of 

different reactants, and a wide area of deposition can be achieved on a wide variety of 

substrates. With a higher power input, higher gas temperatures of plasma can result in 

higher deposition rates [78]. However, the difficulty to deposit diamond on three- 

dimensional substrates is the main drawback of this growth method.

Diamond films are grown on different substrates, using microwave plasma reactor 

(2.45 GHz; Penta Science & Technology Ltd PDOIA) with a 2 kW microwave generator 

as shown in figure 15. The chamber is equipped with three channels of mass flow gas 

controllers to accurately control and to measure process gas flow, i.e. hydrogen (0 - 200 

seem), methane (0 - 100 seem) and other gases (0 - 20 seem). Vacuum pressure is
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controlled accurately from 1-100 Torr by throttle valve and is measured by capacitance

manometer gauge.

n
Waveguid
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Capacitance 
manometer

Mass flow 
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Plasma discharge
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Throttle valve

Rotary roughing pump

Figure 15. Schematic diagram of microwave vacuum system and associated components

The reactor consists of a cylindrical stainless steel chamber of 20 cm inner 

diameter. The microwave is coupled from the magnetron waveguide (WG9A waveguide 

and UDR26 flange output) into the cavity via an axial antenna, fitted with the incident and 

reflected power measurement and controllers. A discharge "plasma ball" is generated 

above the substrate. Mo block of 30 X 30 X 4 mm size or graphite block of 50 X 50 x 5 

mm size was used as a substrate holder, which was attached on the Mo circular platen of
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10 cm diameter placed on the SiC heater. These substrate holders were cleaned prior to 

new growth experiment. During the growth process, substrate temperature was monitored 

by a thermocouple in contact with the backside of the Mo platen. The Mo platen and also 

the substrates were grounded all through the diamond film deposition.

Film deposition was carried out for 20 - 40 hours where the total deposition was 

divided into initial and growth stages. The initial and growth stages are the period up to 1 

hour and the period from 1 hour to the end of the deposition, respectively. The samples 

were deposited in a mixture of CHt and H2 at a total pressure of 45 Torr with a substrate 

temperature of 700 °C. The H2 flow rate was kept constant at 200 seem during deposition 

in both initial and growth stages. As a result of preliminary experiment, optimum CH* 

flow rate in the initial and growth stages was found to be 6 seem and 3-4 seem, 

respectively, for the growth of textured diamond films on the scratched Si substrate placed 

on the Mo block. In the present work, therefore, all experiments were carried out under 

the same condition as for the CEU flow rate in the initial and growth stages in order to 

compare the results with the textured diamond film grown on scratched Si substrate placed 

on the Mo block. The input microwave power was kept constant at 1.5 kW.

In this work, undoped diamond was successfully grown on various substrate 

materials of different sizes and shapes, including tungsten (15 x 15 mm size), 

molybdenum (15x15 mm size), «-type Si (100) (10 x 12 mm size), nickel (10 x 15 mm 

size), tantalum (15 x 15 mm size) and sapphire (20 x 20 mm size). All of the substrates 

were pre-scratched by mechanical polishing with diamond particles (1-3 \im Grade 1-KD- 

Cl, otherwise stated) in order to enhance nucleation. The substrates were placed on the 

substrate holder made of Mo or graphite. The overall growth rate was ~1 micron per hour.
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2.15.3 Characterization of CVD Diamond

Typical SEM images of diamond films grown under various conditions are shown in 

figure 16. Figure 16(a) and 16(b) show the surface morphologies of diamond films grown 

for 15 hours and 30 hours respectively, on the well scratched Si (100) substrates placed on 

the Mo holder at CH4 flow rate in the growth stage 4 seem, revealing that the surface 

consists almost exclusively of diamond crystallites with smooth crystalline facets. Higher 

surface coverage and bigger size of crystalline were obtained with the increase of growth 

period. Twinned crystals, multiple twins, and minimal secondary nucleation growth were 

also being observed in these films. Smaller (100) diamond crystals were observed for the 

growth stage set at CH* flow rate of 3 seem, figure 16(c). On the other hand, figure 16(d) 

and 16(e) show the surface images of diamond films grown for 20 hours respectively on 

the Si (100) and W substrates placed on the graphite holder, with CEL* flow rate in the 

growth stage of 4 seem. The well faceted morphology disappeared and the particle size of 

the film decreased, as shown in figure 16(d), by which its morphology is almost identical 

to the films reported as nanocrystalline diamond [99,100]. The average grain size was 

about 400 nm for the film grown on the Si (100) substrate placed on the graphite block.

It has been reported recently that the bias enhanced nucleation (BEN) technique is 

effective for the film formation on the W substrate [101]. The W substrate used here was 

not pretreated by scratching with diamond paste. Without utilizing BEN technique, 

deposits were localized on the W substrate placed on both Mo and graphite holders. On 

the W substrate placed on the graphite, the surface consists of ragged deposits with small 

facets, as shown in figure 16(d). SEM in figure 16(f) shows the diamond grown on 

negatively bias treated Si (100) for 2 hours with an applied voltage of- 120 V. The Si 

substrate has clearly shown that the rough surface is randomly deposited with ball-shaped 

diamond particles range in between 10-30 jtim. The BEN is believed to enhance the 

nucleation and deposition of diamond by the combination of forming
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(c)
**JS»»«*

Figure 16. SEM morphologies of diamond 
films grown on substrates, pre-scratched with 
diamond paste, except for (e),(f),(g): (a),(b) Si 
(100) placed on the Mo holder for 15 and 30 
hours respectively (4 seem CH4 in the growth 
stage), (c) Si (100) placed on the Mo holder 
for 30 hours (3 seem CH4), (d) Si (100) 
placed on the graphite holder for 20 hours, 
(e) W placed on the graphite holder for 20

hours, (f) Si (100) placed on the Mo holder under BEN for 2 hours and (g) Si (100) placed on the
Mo holder for 30 hours (4 seem CH4)
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heteroepitaxial SiC on the Si substrate, selective etching of Si in the SiC network, filling 

the vacant Si sites by carbonaceous ions and adding hydrocarbon radicals to the oriented
*j

sp bond carbon clusters [102]. Without using diamond paste to scratch the Si substrate 

prior the diamond growth, the SEM in figure 16(g) reveals the formation of 50-jnm 

spherical diamond crystal balls, with {100} diamond faceted microcrystals, wrapping the 

structures. The lack of smooth surface morphology formed was mostly attributed to the 

insufficient nucleation of diamond on Si with large effect of lattice mismatch in between 

Si and diamond. The nucleation was believed to have started from the nanostructured 

seeding of very fine carbon or even SiC with very low nucleation densities [103].

Figure 17 shows examples of Raman spectra of diamond films grown on: (a) Si 

(100) substrate placed on the Mo holder, (b) Si (100) substrate placed on the graphite 

holder, and (c) W substrate placed on the graphite holder. As was expected, in the case 

using the Mo block as a substrate holder, a sharp 1332 cm"1 peak is apparent, indicative of 

good-quality CVD diamond [Raman spectrum (a)]. Raman spectra from the films grown 

on the W and Mo substrates placed on the Mo holder were similar to the typical Raman 

spectrum (a) for undoped diamond film. The diamond grown on Si(lOO) without being 

pre-scratched with diamond paste and diamond grown on Si(lOO) under BEN show the 

same Raman feature for diamond (Raman not shown), except for wider FWHM at 1332 

cm" 1 peaks and smaller ID/IG ratio (see Table 2). On the other hand, in the case using the 

graphite block as a substrate holder, the Raman spectrum was drastically changed. The 

most prominent features exhibited by the Raman spectrum (b) are the weak 1332 cm" 1 

diamond peak and broad bands centered near 1350 and 1550 cm" 1 attributable to sp - 

bonded carbon present at the grain boundaries. Special attention should be paid to the 

additional peak at approximately 1140 cm" 1 , which is caused by size effect of the 

nanoscale diamond grains [59], and provides more evidence for the nanocrystalline nature 

of the film grown using the graphite holder. The Raman spectrum (c) from the film grown
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on the W substrate placed on the graphite holder was similar to the Raman spectrum (b) 

for the nanocrystalline diamond film.

_Qk_
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Figure 17. Typical Raman spectra from the diamond films grown on: (a) Si (100) placed on the 
Mo holder, (b) Si (100) placed on the graphite holder, and (c) W placed on the graphite holder. 
All spectra were excited with 514.5 nm light

Raman spectra in figure 18(a) and 18(b) show the different diamond growth stage 

on Mo and Ni substrate under the typical growth condition; on top of the Mo substrate

holder and at a flow rate of 4 seem. The growth on Mo substrate shows very well

growth manner of diamond as the growth period increases, with an increase in the 

intensity of 1333 cm" 1 diamond peak and a decrease in the broad peak around 1500 cm" 1 . 

During the early period of diamond growth on Ni, Raman (figure 18 b) shows the 

graphitic type of atomic structure, very similar to carbon nanotubes. The characteristic 

features are: a high intensity of "G" graphite peak at 1582 cm" 1 , a low contribution of a 

disorder-induced "D" peak at 1350 cm" 1 ; and intense narrow band of two-phonon
" 1scattering at 2714 cm". SEM (c) shows the image of the nanostructured material. It is 

believed that the high content of CtU in the nucleation stage, coupled with the presence of
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Ni as a good catalyst, enhances the growth of such well-structured nanomaterial 

[104,105]. However, with increasing growth period, the non-diamond will be etched 

away by atomic hydrogen and favour the diamond growth, though non-diamond properties 

could still be embedded in the diamond lattice, as revealed with low ID/IG of 0.33.

±!'E
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o
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Figure 18. Raman spectrum at varying 
deposition period of diamond on (a) 
molybdenum plate and (b) nickel foil; (i) 8 
hrs, (ii) 20 hrs, and (Hi) 30 hrs; (c) SEM 
shows the image of sample grown on Ni 
substrate for 2 hrs

Table 2. Raman parameters of diamond films on various substrates
Substrate FWHM/ cm" 1

Single crystal 
Si (with scratched) 
Si (non-scratched) 
Si (BEN) 
Mo
W
Ni
Ta
Sapphire

3 
5.89 
8.67 
10.31 
8.35
7.66
11.61
8.16
7.93

ID/IG Adhesiveness to substrate
00

6.59 
4.64 
2.3 
86.3
1.68
0.33
1.13
3.52

Good 
Good 
Good 
Good
Good
Poor
Poor
Poor
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Most of the diamond growths show continuous and dense films on different 

substrates except for Ni, Ta and sapphire. The fracture might occur during the cooling 

process because of the difference in thermal expansion between diamond and the 

substrates. Table 2 shows the FWHM of the peak at 1332 cm" 1 and the intensity ratio of 

the peaks that are indicative of sp3 and sp2 bonding (lo/Io). The adhesiveness of diamond 

bonded to the substrates was tested by scratching the grown surface with diamond-coated 

pen.

C1s

i i

C Is peak

0 200 400 600 800 1000

Binding energy/ eV
1200

Figure 19. XPS wide scan spectra, with inset showing the deconvoluted C Is core-level

Figure 19 shows a XPS wide scan spectrum of a typical as-grown diamond film. 

The bulk C Is peak for the as-grown sample is positioned approximately at 284.0 eV, with 

a deconvoluted peak at + 0.5 eV being attributed to polyhydride configuration bonded (- 

CHX, x > 2) to carbon [106]. Apart from a small amount of oxygen, the diamond surface 

is clean of metal or inorganic impurities, indicative of good quality diamond. The 

shoulder on the higher binding energy side of the C Is peak can be attributed to adsorbed 

hydrocarbon species.
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2.15.4 Summary

The surface condition of chamber wall has shown to influence on the diamond growth, 

especially on the growth rate. In the case that the surface of chamber wall was clean, 

diamond growth rate was as low as 0.4 urn/hour and an amount of non-diamond phase 

was included even in the film grown on the Si substrate placed on Mo holder from the 

Raman spectrum. In this work, therefore, the surface of chamber wall was well passivated 

by repeating growth runs for 50 hours totally in advance. As a result of passivation of 

chamber wall with amorphous carbon [107], films were obtained reproducibly and the 

typical diamond growth rate for the film on the Si substrate placed on the Mo holder was 

about 1 ^rn/hour.

Results in figures 16 and 17 indicate that the behaviour of diamond precursors 

would be influenced by the substrate holder materials, even if the external parameters for 

diamond growth (process gases, substrate temperature, input power, bias, and so on) are 

unchanged. Typical way to obtain nanocrystalline diamond films from MWPECVD 

employing conventional CH* and Hfe mixtures is simply to increase the CH4 flow rate ratio 

more than 10% during deposition [108,109]. In this case the incident flux of C2 radicals, 

which are reported to be important species for nanocrystalline diamond growth [8], would 

increase on the growing surface to enhance the secondary nucleation. Another way 

reported recently to fabricate nanocrystalline diamond films is to apply positive or 

negative bias to the substrate during deposition [110,111]. Applying bias to the substrate 

will change the flux of charged particles arriving at the growing surface, increase the 

substrate temperature by electron or ion bombardment, or increase the defects and 

secondary nucleation sites on the growing surface. In our case, both substrates and 

substrate holders were grounded through the experiments in order to make the influence of 

ions incident on the substrate common in all cases. On one hand, secondary products such
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as C2 and CHn radicals from the graphite surface will possibly influence on the diamond 

growth.
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Diamond surface conductivity

3.1 Introduction
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3.1 Introduction

The surfaces of as-prepared polycrystalline CVD, single crystal and natural diamond films 

show an exceptionally high conductivity as recognized for the first time ten years ago 

[1,2,3]. Earlier publications have reported that the conductivity of diamond thin films can 

be decreased by several orders of magnitude by thermal annealing and the subsequent 

hydrogen plasma treatment could cause an increase in the conductivity toward the initial 

value. Ever since then, this p-type H-conductive surface has allowed the fabrication of a 

range of diamond electronic devices after the addition of appropriate metallic contacts. 

The fabricated surface conductive diamond can even display much higher levels of 

performance than those based on boron-doped diamond material.
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This diamond surface related conductivity has now been exploited for electronic 

applications, such as the manipulation of diamond-based Schottky diodes [4,5,6] and 

diamond-based field effect transistor (FET) for metal-semiconductor (MES), metal- 

insulator-semiconductor (MIS) and metal-oxide-semiconductor (MOS) structures 

[7,8,9,10,11,12]. Recently, the nanofabrication for metal-insulator-metal (MIM) diode- 

like material has also been explored [13]. The fabrication of diamond FET in electrolyte 

was also made possible, which was called as ion sensitive FETs (ISFET) [14,15,16].

However, there is an increasing interest in investigating diamond surface 

conductivity since it contributes to the bulk conductivity which in turn influences the 

performance negatively, such as in many electronic applications [17]. Moreover, the 

exact chemical nature of the surface conductive layer is still the subject of some 

controversy, with the various explanations encompassing adsorbed-hydrogen induced 

upward band bending [15], hydrogen defects in the near surface region [18], and the 

presence of electronegative adsorbates [19].

Stallcup et al [20] observed that approximately 20% of the CVD diamond surface 

was covered with non-diamond carbon and they speculated that such non-diamond carbon 

might contribute to the surface electrical conducivity. The idea was supported by Muto et 

al. [21] suggesting that the surface conductive layer was due to the existence of graphite- 

like low resistivity layer, generated by hydrogen plasma. Landstrass and Ravi [1,2] 

however, proposed that the reduction of resistivity was the result of the passivation of 

deep levels due to hydrogen termination. This was postulated following their observation 

of trap-limited behavior with steeply rising current in I-V curves. Based on the results of 

the XPS and contact potential difference measurements by Kelvin probe analysis, Shirafuji 

and Sugino [22] proposed a band-bending model to explain the surface conductivity, 

suggesting that the treatments with hydrogen plasma and with oxygen plasma will lead to 

downward and upward shifting, respectively, of the surface Fermi level. However,
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Hayashi et al. [23] believed that the layer with high conductivity was due to the holes 

generated by shallow acceptor levels related to incorporated hydrogen in the subsurface 

region, which was in agreement with that proposed previously by Maki et al. [24]. 

Kawarada [25] has proposed a similar surface band-bending model suggesting that holes 

compensation of the net charge was required to satisfy the surface charge neutrality, thus 

upward band bending is induced. Ley et al [18] however, suggested the occurrence of 

downward band bending for hydrogenated diamond from their ample spectroscopic 

evidences, and showed that the surface could only be conductive after the exposure to 

atmospheric air. They [18] claimed the atmospheric adsorbates were responsible for the 

acceptor states that could induce upward band bending for hole accumulation.

The literature reports of surface conductivity are complex and conflicting, however 

some agreements have been made in common: (i) the conductivity is due to positive
011

charge carriers with mobilities of between 30 and 70 cm V" S" at 300 K, indicating band 

transport holes within the crystalline solid, (ii) the surface concentration of charge carriers
1 *7 1 ^ 0is weakly temperature dependent with value found between 10 and 10 cm" at 300 K, 

(iii) and the surface conductivity can be varied by orders of magnitude by exposing the 

surfaces to different ambients [8-10,19, 22-26,27].

Experimentally, it appears to be the case that the hydrogenated diamond does not 

display a high surface conductivity until it is exposed to atmosphere, but the processes 

occurring in this air-exposure are not well defined since the first air-exposure after 

hydrogenation is frequently carried out in an uncontrolled manner. Therefore, the aim of 

this chapter is to investigate the critical chemical components of the adsorbed layer that 

are required to maximize the surface conductivity observed. The changes of conductivity 

due to temperature and pH in both gaseous and solution (or electrolyte) medium have also 

been investigated. Novel examination on the electrochemical properties of the surface 

conductive layer has been performed.
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3.2 Gaseous Environment Studies 

3.2.1 Experimental

Optical grade CVD diamond thin films (as shown in figure 1), grown by microwave- 

assisted CVD were used throughout. The films are -100 microns thick with a grain size 

of 10-20 microns and a random grain orientation. Prior to the measurements, all the 

samples were immersed in a boiling (NH4)2S2O8/H2SO4 solution, saturated at 200 °C for 2 

hours, which is known to result in a contaminant free oxidized surface.

Figure L SEM images of diamond used in surface conductivity measurements

The measurements of surface conductivity have been carried out in-situ in a 

microwave plasma chamber (Penta Science & Technology Ltd PD01A; 2.45 GHz; 2kW). 

The films were hydrogenated under a total gas pressure of 45 Torr with a flow rate of 200 

seem, operating at a microwave power of 1.5 kW and at a nominal substrate platen 

temperature of 600 °C. Two point of gold coated probes with ~ 5 mm distance in 

between, was used to make ohmic contacts on the diamond. This ohmic behaviour was 

tested from the linearity of I-V plots. The temperature on the diamond surface was 

calibrated prior to the conductivity measurements, using alumel-calomel thermocouple 

spot-welded to the sample holder. A clean diamond surface (free of adsorbates) was 

prepared by annealing it at 800 °C in 45 Torr of N2, whereas diamond was oxidized by 

annealing the surface up to 600 °C at a pressure of 45 Torr in O2 ambient condition.
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Gases inlet of controllable 
flow rate and mass transfer 
below 45 Torr

Water vapour 
inlet

(a)

Gases inlet of desirable pressure 
up to atmospheric pressure

•Sample holder

(b) sample insulator (c)

Figure 2. The design of surface conductivity measurements in microwave plasma chamber (a), the 
side view of sample holder (b) and from the top view (c)

Changes were reported in surface conductivity, which arose when freshly 

hydrogenated CVD diamond was exposed to a range of pure gases, immediately after the 

hydrogen plasma was extinguished, and before "uncontrolled" exposure to atmosphere 

took place. The gaseous exposures carried out encompassed pure water vapour, synthetic 

dry air, nitrogen, oxygen, carbon dioxide and hydrogen environments, and simultaneous or 

sequential exposures based on these components at varying substrate temperatures. The 

pH of water vapour in the microwave plasma chamber was altered by the admittance of 

formic acid.
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3.2.2 Results 

3.2.2.1 Gas Adsorbates

In vacuo, the freshly hydrogenated diamond shows very low surface conductivity with the
•I S\ -| -| ___

conductance of 10" - 10' S. The sample was then exposed to 15 Torr of de-oxygenated 

water vapour for 600 s at room temperature, which produced a small increase in 

conductivity close to 10" 10 S, as illustrated in the inset in figure 3 (iv). The water vapour 

was then rapidly evacuated, and dry synthetic air (comprising 21% O2, 0.05% CO2, 

balance N2) was admitted to the chamber at a leak rate corresponding to 22.5 Torr per 

minute. The sample conductivity was found to rise significantly over a period of several 

minutes. As the pressure rose above -150 Torr, a much slower change was observed.
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Figure 3. The changes of conductance on different treated surfaces after the exposure to dry air at 
a wide range of pressure (~ 22.5 Torr mm) at room temperature; (i) on moist H-surface, (ii) on 
dry H-surface, and (Hi) on free ofadsorbate surface; inset (iv) showing the change of conductance 
on the admission of water vapor

The results plotted in figure 3 illustrates that the surface conductivity arises 

approximately four orders of magnitude higher than the initially hydrogenated surface in
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this experiment. It can also be seen in figure 3 that this is approximately three orders of 

magnitude higher than if the exposure to dry air is carried out without prior exposure to 

water vapour. This result reveals the importance of the moist surface of diamond after 

hydrogenation. However, no great change of SC was observed for clean (free of 

adsorbates) diamond surface.

This result was investigated further by changing the pH of the water vapour via the 

admittance of formic acid at 300 K. Figure 4 shows the sharp increase of conductivity, 

which indicates that low pH can enhance the SC more efficiently on the diamond surface.
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Figure 4. The changes of surface conductivity after being exposed to formic acid in various pre- 
treated surfaces (i) moist H-surface, (ii) dry H-surface, (Hi) free ofadsorbate surface, and (iv) dry 
oxidized surface; the rate of increase in pressure was ~ 0.15 Torr min

The moist hydrogenated surface provides very efficient condition for the 

dissolution of formic acid in watery medium as referring to the sharp increase of SC from

3 x 10"10 S to 5 x 10"6 S and the SC value was saturated in just 10 min (figure 4i). The 

surface conductivity of formic acid dosed on hydrogenated diamond (4ii), however arouse 

at a slower rate than 4(i) surface and the saturation level was about 1x10 S after 3 hours
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measurements. The adsorbate-free surface showed low conductance and was saturated at

\-7a value of 1 x 10" S whereas the oxidized diamond surface (4 iv) showed the least effect 

onSC.

Major atmospheric gases were introduced in the chamber in order to investigate the 

influences of the specific atmospheric adsorbates on the surface conductive diamond. 

Figure 5(a) shows the dependence of conductivity on gas pressure, as various gases were 

admitted through a calibrated leak rate at high flow rate, corresponding to 50 Torr per 

minute. The admittance of oxygen (i) onto the moist hydrogenated diamond surface
-9induced a drastic increase of conductance up to 5 x 10' S when the pressure was increased 

to 765 T. This trend was followed by the effect of carbon dioxide dosages on moist H- 

diamond at an order of 10"9 S (ii), and lower conductance was obtained on dry diamond 

surface at a value of 5 x 10"10 S (iii). The introduction of gas Oi (figure 5 iv) on "dry"

hydrogenated surface showed no remarkable increase of conductivity, whereas NI has 

shown very little effect on conductivity for either hydrogenated or wet H-surfaces.

1.E-08 H

1.E-12

(i) 

(ii) 

(iii)

Figure 5(a). The 
(\\l\ dependence of surface

conductivity on the 
(v) systems of

(i) O2/moist H-surface, 
(ii) CO^moist H- surface, 
(iii) CO2/dry H-surface, 
(iv) O2/dry H-surface, 
(v) N2/moist H-surface 
The rate of increase in

200 400 600 

Pressure/ Torr

800 pressure was 50 Torr
miri
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The change of surface conductivity varied in time was investigated in response to 

the mixtures of water vapour and different gases at a total pressure of 40 Torr. The 

results, as presented in figure 5(b), show the rise in surface conductivity with the 

admission of nitrogen to the chamber is significantly less than that seen in figure 3, where

dry air (79% Na) was used, suggesting nitrogen is not the active component of the gas 

responsible for the main conductivity change.

However, greater changes in conductivity are seen if pure gases corresponding to 

the other components such as oxygen or carbon dioxide are employed, suggesting these 

are the active chemical species responsible. Carbon dioxide with high moisture results in 

rapid increase in surface conductivity at the initial stage, but the enhanced conductivity 

was mostly prominent under the mixture of oxygen and water vapour after the period of 3 

hours. Dry air (with water content < 5 vpm) with similar composition of atmospheric air 

results in lower conductivity than the other two.

1.E-05

IE-06

CO

1.E-11

IE-12

0 100 200 300 

Time/ min

400

Figure 5(b). The dependence 
of surface conductivity of 
hydrogenated surface on the 
systems of

(i) O2 + H2O, 
(ii) CO 2 + HzO, 
(Hi) dry air + H2O, 
(iv) N2 + H20, 
(v) dry air only 

Water was admitted for the 
first 20 min to 20 T, followed 
by the admittance of gas to 40 
T
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Physisorption of water from humid atmospheres enables subsequent dissolution of 

the gas concerned in the "wetting phase" and thus the sequence in which the differing gas 

exposures is carried out is crucial. For this aspect, different gases were admitted 

continually inside the chamber in the mixture of other gases, as indicated in figure 6. The 

result shows very similar trend for the increases of conductivity, corresponding to the 

original exposure of "dry" hydrogenated surface to wet air.
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diamond exposed to atmospheric
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' I Hydrogenated diamond exposed to water vapour (20 T) 
II Exposed to carbon dioxide (up to 50 T) 
III Exposed to oxygen (up to 100 T) 
IV Exposed to nitrogen (up to 1 50 T)
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Figure 6. The increase of diamond surface conductivity for (a) H-surface being exposed to wet 
air; (b) successive exposure of H-surface to various gases under low pressure

-9
Water vapour has increased the surface conductance up to 10" S within the period 

of 20 min. Upon the admittance of CO2 for 50 T (see figure 6b II), the conductance has 

increased sharply up to approximately 8 x 10"7 S in 160 min, and the following 

introduction of O2 to a total chamber pressure of 100 T, the conductance has leveled off at 

the value of an order between 10"6 and 10"7 S. This result was surprisingly consistent with 

the result obtained in the real life situation when a hydrogenated diamond was exposed to 

atmospheric air (figure 6a). Within the period of III region, the surface conductivity of 

diamond remains unchanged at a saturated value of 1 x 10"6 S and the effect of the
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presence of gaseous N2 (IV) in the chamber would make no difference on the value. The 

result in figure 6 has clearly revealed that the conductivity is mostly time variance 

dependent, rather than the effect of the increase of partial gas pressures (as shown in figure 

5a).

In brief, the main atmospheric gases responsible for inducing diamond surface 

conductivity are expected to be carbon dioxide and oxygen underlying on top of the 

watery interlayer medium (moisture from air).

The performance of white diamond (optical graded) and black diamond (thermal 

management graded) were compared on their surface conductivity. White diamond is 

being "white" in colour due to light scatter from the rough top surface of the film, whereas 

the black colour of black diamond is normally associated with high levels of graphite 

inclusion when higher percentages of hydrocarbon are used within the gas used to grow 

the film, which dramatically enhance the growth rate. In contrast to white diamond, black 

diamond shows a 1332 cm"1 peak imposed on a broad feature between 1100 and 1500 cm" 1 

(see Raman on the right of figure 7), implying significant non-diamond carbon content 

within the films. Prior to hydrogenation, the diamonds were boiled in ammonium 

persulfate/sulfuric acid. The diamonds were then hydrogenated under the conventional 

parameter, and were later exposed to atmospheric air. The surface conductance for both 

diamonds increased in an identical rate and saturated at 1 x 10"6 S in a day (results not 

shown).

Both of the white and black diamonds were annealed for 10 minutes at different 

temperature inside a programmable furnace in the atmospheric ambient condition. The 

sharp falls of conductance were observed soon after 300 °C. At annealing temperature 

above 400 °C, both of the diamonds became very insulating with surface conductances of 

~ 5 x 10" 11 S. As shown in figure 7, white and black diamonds show insignificant 

difference in thermal stability on surface conductivity.
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Figure 7. The conductance of surface conductive diamond versus annealing temperature (10 
minutes furnace in ambient atmosphere); spectra on the right showing the Raman of (a) white 
diamond and (b) black diamond

3.2.2.2 Thermal Stability

The thermal stability of the surface conductive layer is subjected to various investigations. 

Due to the ceramic (insulator) lying beneath the diamond film, the actual temperature is 

far less than the temperature settings in the microwave chamber. The surface temperature 

was calibrated by fitting alumel-calomel thermocouples attached to diamond, and 

subsequent temperature was annealed and was calibrated to the reading of a digital 

voltmeter. The calibration plot is shown in figure 8 and was used throughout as the

reference for the rest of

the experiments.
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Platen temperature/ °C
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Figure 8. The calibration 
curve of diamond surface 
temperature to platen 
temperature
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To test the effect of thermal stability on the surface conductive layer, two series (a 

and b) of experiments were carried out.

(a) The first experiment is to test the thermal stability of the surface conductive layer. 

Initially insulating diamond was hydrogenated, and was later exposed to atmospheric air. 

The surface conductance reached 10~7-10~6 S after the exposure to air in two hours. The 

conductive diamond was later mounted back in the chamber, and was annealed up to a 

particular temperature for 60 min in vacuum (figure 9(i)) or in wet air at 765 T (figure 

9(ii)), and was then allowed to cool down to room temperature in vacuum. The effect of 

these annealing cycles on conductivity was later measured. The procedure was repeated 

for other annealing temperatures after the diamond was re-hydrogenated and exposed to 

air. Both of the annealing environments show the rapid falls of surface conductivity when 

the surface temperature reached 200 °C. However, the surface conductance for the 

annealed surface conductive diamond under vacuo (9i) is at a magnitude of two orders 

higher than the SC upon the annealing under wet air condition (9ii).
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Figure 9. The change of conductance for surface conductive diamond versus annealing 
temperature (60 min) in (i) vacuo and (ii) wet air at 765 Torr
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(b) The second test is to anneal the freshly hydrogenated diamond inside the chamber 

for 60 min before they are exposed to atmospheric air. Results presented in figure 10, 

shows the annealed hydrogenated surface sustains high conductance even after the 

annealing temperature has risen up to more than 300 °C for 2 hours. This result is 

different from the case if the hydrogenated diamond was annealed under dry air (45 Torr) 

for 20 min prior to the exposure to air, which showed the rapid drop of conductance after 

200 °C. As has been noted previously [26], the surface conductivity is irreversibly lost if 

the sample is annealed at temperatures in the range 200 - 300 °C in air.
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Figure 10. The dependence of hydrogenated diamond on annealing temperature (60 minutes) in 
(i) vacuo and (ii) synthetic air, before being exposed to atmospheric air

87



Chapter 3

3.2.3 Discussion

Hydrogen-terminated undoped diamond surfaces display /?-type characteristic 

semiconductor due to hole accumulation, which form a conducting surface layer in the 

subsurface region, rather than the top surface monolayer [2,24,28]. The acceptors are 

completely activated at room temperature with activation energy less than 50 meV [15]. 

Recently, the acceptor energy of hydrogen-induced conductivity is reported due to the 

localized states of traps holes in the range of 6 meV at very low temperature (T < 70 K) 

[29]. In contrast, boron-doped diamond exhibits a deep acceptor level of 0.38 eV in the 

extrinsic region at room temperature with only 0.01 % of the acceptors are activated [15]. 

This will make the boron-doped layers display high temperature-dependent resistivity, 

making the devices hard to operate at room temperature.

3.2.3.1 Surface Adsorbates

Previous work has been done showing the rise of surface conductivity on hydrogenated 

diamond in the exposure to atmospheric air [26]. Though the influence of the 

environment is known, the specific adsorbates is still yet being explored due to the 

uncontrolled exposure of gases. Present work is aimed at controlling the adsorbates via 

the selective exposure to individual gases in order to clarify the mechanism involved on 

the conductive layers.

The results reported here show that the electron transfer to chemical acceptors in a 

"wetting layer" is responsible for the formation of the p-type conductive layer. Small 

changes in conductivity occur when the hydrogenated surface is exposed to most vapours 

(figure 3), but this is likely to be attributable to trace contaminants in the gases used, since 

surface coverages of the order of monolayers can be formed from such species, when 

present even in the parts per million range, or well below, in experiments where exposure 

to pressures up to atmospheric are concerned. The highly surface conductive state is
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however only obtained in the results in figure 3 and 5(b) when the freshly hydrogenated 

surface is exposed in situ to first water vapour, and then particular atmospheric gases or 

other species. In particular exposure to moisture or the individual gaseous components 

alone is ineffective in producing the high surface conductive state. The sticking 

probability for chemisorption of the common atmospheric constituents on diamond is 

negligible and their saturated vapour pressures are too high for significant physisorption to 

take place. Apart from nitrogen and inert noble gases, the natural gases species in air that 

would take part in inducing surface conductivity would be CO2 and O2, as both are found 

in synthetic air and wet air. Therefore, the physisorption of water is clearly responsible 

for the subsequent dissolution of the gas concerned, followed by the electron exchange 

between diamond and gas adsorbates.

The model proposed [30] suggests that the reduction of protons incorporated as 

hydroxonium ions in the surface layers is the chemical reduction process driven by 

injection of electrons from the underlying diamond lattice (see figure 11). Under standard 

atmospheric conditions, chemical potential jiie of a water layer lies just below the valence 

band maximum (VBM), which is below the Fermi level Ep of p-type diamond. Electrons 

would thus be transferred from the diamond to the H3O+/ (H2O + H2) redox couple 

(equation 3) and leave a hole accumulation layer, which in return provides the charge 

carriers (holes) responsible for high conductivity. The equilibrium is reached when the 

diamond-surface Fermi level is pinned at jie-
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Figure 11. (a.) Schematic picture of the hydrogenated diamond surface in contact -with a -water 
layer as it forms in air; (b) evolution of band bending during the electron transfer process at the 
interface between diamond and the water layer

Vapour phase species dissolved in the wetting layer which promote surface 

conductivity are likely to be acidic species which show the greatest free energies of 

dissolution and dissociation to form hydroxonium ions, unless kinetic factors are 

operative. The results again lend some qualitative support to this since both pure CO2 

(pKa 6.10, figure 5, eqn 1) and formic acid vapour (pKa 3.75, figure 4, eqn 2) are found to 

be effective in promoting surface conductivity, with the latter particularly so in line with 

its greater solubility and acidity in water compared to CO2.

C02 (g) + 2 H20 (X) <-» H2C03 (g) + H20 (X) <-> H3Cf (aq) + HCO3' (aq) (eqn 1)

(eqn 2) 

(eqn 3)

HCOOH (g) + H2O (X) <-» H3O+ (aq) + HCOO' (aq) 

2 H30+ (aq) + 2 e' o H2 (g) + 2H2O (X)
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Screened protons, i.e. oxoriium ions H3O+ will form as a consequence of the 

dissociation of carbonic acid and formic acid in both cases (eqn 1, 2 respectively). In 

nature, the CO2 will dissolve in thin water layer to form carbonic acid, H2CO3 (pKa 6.10) 

through a proteolysis process and under usual atmospheric conditions an oxonium 

concentration according to a pH-value of approximately 6 will result. Thus, the 

electrolytic system at the diamond surface can exchange electrons with the diamond as 

soon as the hydrogenated diamond is being exposed to wet air.

As shown in figures 3 and 5, pure oxygen/moisture is effective at promoting 

surface conductivity when exposed to the moist diamond surface. In contrast, nitrogen is 

not effective for enhancing surface conductivity. This is because there are no nitrogen 

reduction couples with sufficiently positive electrochemical potentials (i.e. sufficiently 

negative reduction free energies) to be driven by electron injection from the valence band 

in diamond [30]. However for oxygen, direct reduction to water/hydroxide or peroxo 

species is energetically more favourable under standard thermodynamic conditions than 

the H^/tk couple [31] (see equation 4 - 6), and so this can provide an equally viable route 

to the reduction of protons for electron acceptance from the diamond valence band.

O2 (g) + 4 rf" (aq) + 4 e' o 2 H2O (X) tf* = 1.229 V vs SHE (eqn 4)

O2 (g) + 2 H2O (K) + 4 e <-> 4 Off (aq) £° = 0.401 V vs SHE (eqn 5)

O2 (g) + 2 H^ (aq) + 2 e' <-> H2O2 (aq) Z0 = 0.682 V vs SHE (eqn 6)

Dissolved oxygen is expected to physisorb instead of chemisorbing on the H- 

terminated surface at room temperature, as the oxygen chemisorption can paralyze the 

surface conductivity. The presence of oxygen on surface conductive diamond was probed 

from gas evolution spectra [17,32], showing predominantly CO2 and CO were desorbed. 

The results were also in agreement with the discussion in Chapter 5, showing that more O2
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adsorption on H-terminated diamond occurs than on clean surface due to kinetic factor, 

though their surface coverage is low.

By employing equation 3 (derived from CO2 dissolution in water) into Nernst 

equation 7, a solution with pH 6 will be generated with hydrogen partial pressure (/?H2) = 

10"3 mbar. M-O = - 4.44 eV is the chemical potential for electrons under standard hydrogen 

electrode (SHE) conditions.

kT.

AA , „ 0.05915 T7 •4.44eV + ———— eV 2pH + log F \ bar

. .. ., 0.05915 ,,\~,~ 4.44eV + ———— eV[2(6) H

= -4.26eV (eqn 7)

The calculated value for initial chemical potential u« (before band bending to occur) of an 

aqueous wetting layer is - 4.26 eV. Using the same equation, with pH = 1, the initial value 

of jiie will be pinned at - 4.56 eV. Whereas for Oi, by employing equation 4 with pH 

solution equivalent to 7 and oxygen partial pressure (pCb) is 205 mbar at 1 atm into the 

Nernst equation (equation 8), the chemical potential of electrons in the liquid phase, jiie is

calculated as - 5.25 eV.

kT r 14 (pO4 *IW
, t^o T^ 0.05915 _,f. TT , (-L23eV)+ —— - —— eV 4pH - lo

5.67 eV + °- 05915 eV(4(7) - log(205^10'3 ))

= -525eV (eqn 8)
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According to the hypothesis proposed by Ri et al [19], the electron transfer will 

occur from diamond to gas adsorbates when the adsorbates have larger negative electron 

affinity, x or chemical potential, |ue than the work function, ^ of the diamond. Considering 

the electron affinity of - 1.3 eV for the hydrogenated diamond [15], the work function of 

moist hydrogenated diamond is approximately 4.2 eV relative to the vacuum level and the 

pinning position of E? at the water/diamond interface lies just 50 meV below VBM. As 

both of |Lie,o2 and jue,co2 are more negative than ^diamond, electrons will be transferred from 

the semiconductor to the mediated surface states, which will in turn create holes in the 

subsurface region. The accumulation of holes charge will further bring upward band 

bending, which increases the acceptor levels of hydrogen-related states near the surface 

and create high surface conductivity of hydrogenated diamond.

As normal atmospheric air contains both COa (a source of hydroxonium ions in 

water) and 62, albeit at much lower pressures than 62, it is clearly possible that both 

species can provide sources of electron acceptors during exposure of freshly hydrogenated 

diamond to atmosphere to produce the surface conductive film.

Black diamond is generally used as a passive application in thermal management 

in regard to its low quality and low cost. The surface conductivity at varying annealing 

temperature (see figure 7) for thermal management graded black diamond is not much 

different from the optical grade white diamond of higher quality. The air exposed of H- 

surfaces for both diamond reaches the high conductive level at almost identically rates 

within the same exposure period to atmospheric air. Even though the black diamond is of 

low quality material, a hydrogen plasma can clean the non-diamond impurities to the state 

that the surface conductive is dependent on the H-subsurface layer, instead of 

carbonaceous impurities. Similar carrier concentration and mobility values were reported 

for black, white or even single crystal diamond [33] by mean of Hall measurements
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results. Therefore, black diamond could perform as well as high quality of optical grade 

diamond when hydrogenated to generate p-typz characteristics.

3.2.3.2 Temperature

The above work indicates two crucial components that are responsible for surface 

conductive layers on diamond, (a) chemisorbed hydrogen to reduce the work function of 

diamond, and (b) the wetting layer with acceptors in it, to enable electrons to be 

transferred from the diamond valence band. Therefore, the disruption of either of these 

layers will destroy the surface conductivity.

Results in figure 9 show if the surface conductive diamond is heated and then 

cooled in vacuum, the conductivity is lost at 200 °C. Results in figure 7 shows if the 

surface conductive diamond is heated for a short period and cooled in air, the conductivity 

is stable up to 400 °C. Results in figure 10 shows a long period of heating in air before the 

exposure to adsorbates, the conductivity is stable up to 250 °C; whereas in vacuo the SC is 

stable above 400 °C. This arises since

(a) The hydrogen layer is stable in vacuum above 400 °C. Therefore, pre-annealing 

above such temperature will not desorb the hydrogen layer because the chemisorbed 

hydrogen requires much higher temperature, up to 800 - 1000 °C [34] to desorb efficiently 

in vacuo. Once the H-surface is exposed to wet air, the adsorption of air adsorbates will 

induce high surface conductivity. This result is shown in figure 10, revealing that the 

surface conductance decreases insignificantly from the initial conductive value. The well- 

known thermal stability of hydrogen is evidenced with the RHEED analysis [35], showing 

that the surface structure is remain in the form of visible (001)-2 x 1, which is well 

terminated with hydrogen at such temperatures. Thermal desorption results [36] has 

actually suggested that the presence of bonded hydrogen (up to 70 %) can be related to the
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water adsorption while the diamond is exposed to atmospheric air. Thus, the moisture in 

air could possibly mediate the small amount of vacancies due to the loss of hydrogen 

during the annealing process.

(a)

Acceptor 
-type EF

Ev

(b)

Donor 
-type

1.7 eV

Figure 12. Proposed energy band diagrams for undoped diamond of (a) conductive hydrogenated 
and(b) oxygenated surfaces

(b) Hydrogen layer in air is unstable at 250 - 400 °C. Annealing the hydrogen- 

terminated surface under such condition disrupts the hydrogen phase, including the surface 

hydrogen and the out-diffusion of hydrogen incorporated in the film [35]. The surface 

conductivity collapses to an insulating state [37,38] due to the participation of oxygen or 

water vapour in the hydrogen desorption process. This phenomenon is regarded similar to 

the oxygen plasma treated surface or the chemically etched surfaces in a hot CrOs-H^SC^ 

aqueous solution [21,22]. The Fermi level of the oxygenated diamond in this case is 

proposed to be pinned at 1.7 eV above the valence band edge [22] (figure 12,b) and the 

energy band bends downwards to give depletion layer for holes, as compared to surface 

conductive layer (a). This will provoke the loss of carriers from the surface or the 

generation of more scattering centers [8]. Therefore, no conductivity can be observed due 

to the loss of hydrogen layer.

(c) Air adsorbates are unstable above 200 °C. Any heating of a surface above this 

temperature will desorb the adsorbates to some extent. For example, the annealing of the 

surface conductive diamond in vacua (see figure 9i) shows higher SC, with two orders of
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magnitude larger than that being annealed in wet air (9 ii). This is because some amount 

of the negatively charged air adsorbates within the wetting layer, such as HCO3 " and OH" 

remains on the sufficiently hydrogenated surface, thus inducing the minimal amount of 

surface conductance. Whereas, annealing in air removes the hydrogen, which acts as the 

bonding sites for the air adsorbates, thus disrupting the SC completely.

Therefore, this lack of stability of surface conductivity is a problem for the 

diamond-based electronic application, such as field effect transistor and Schottky diodes.

3.2.4 Conclusion

Freshly hydrogenated CVD diamond surfaces under microwave plasma are insulating, 

even with in situ exposures to water vapour and other common atmospheric gases in 

individual exposures. However exposure to water vapour (moist) followed by the 

exposure to gases, such as formic acid, oxygen or carbon dioxide produces a large increase 

in conductivity, although nitrogen is ineffective in this regard.

The results are qualitatively consistent with previous suggestions that the 

conductivity at exposed hydrogenated diamond surfaces arises through electron transfer to 

adsorbates, which is mediated by the presence of a "wetting layer".

Black diamond is as good as white diamond, showing the similar characteristics of 

surface conductivity.

Changes in atmospheric conditions are regarded to affect the density of the 

negatively charge radicals adsorbed to the C-H surface bonds, correspondingly to the 

changes of acidity and gaseous solubility.

Surface conductive layers are not thermally stable due to its stability depends 

exactly on the environment in which the heating is done. This would be a problem for the 

potential electronic application.

96



Chapter 3

3.3 Solution Phase Effect and Electrochemical Studies 

3.3.1 Experimental

High quality MWPECVD undoped freestanding diamond samples (see SEM figure 1) 

were used for surface conductivity measurements in solution. Prior to the hydrogenation, 

all samples were boiled in concentrated H2SO4/(NH4)2S2O8 solution at 200 °C for 2 hours 

to obtain contaminant free oxidized diamond surface. Similar to Section 3.2.1, 

hydrogenation was carried out on the undoped diamond surface inside a microwave 

plasma chamber under the same parameters. Diamonds were placed on a molybdenum 

substrate holder. After cooling down to room temperature, the diamonds were exposed to 

atmospheric air for 1 - 3 days to bring the surface conductance up to the maximum level of 

1 - 2 jiiS. Home grown boron-doped diamonds (1 mm in diameter) using hot filament 

method (HFACVD) were used for comparison.

Diamond was mounted on top of a layer of insulator (plastic) to avoid measuring 

the current passing through from the backside of the diamond (see figure 13c). Two brass 

holders with gold foil layered clips were used to clamp the on-top diamond surface. With 

the conductive surface left exposed to gas or solution media (standardized area of working
/\

electrode = 0.04 cm , stated otherwise), the rest of the diamond was covered by insulating 

putty (Bostik Blu® Tack) to prevent any leakage current during CV measurement.

To ascertain no leakage of solution through the diamond insulator contact, the 

surface conductance was measured via two-probe holders before and after dipping the 

diamond inside the solution. The conductivity for freshly hydrogenated sample was 

expected to be similar in both media. Currents were recorded in-situ while applying 2 

volts through the diamond surface (see experimental setup in figure 13a, b). During the 

CV measurement, the wires were disconnected from the external circuit, and later clipped 

to the working electrode. Platinum wire was used as counter electrode and saturated
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calomel electrode (SCE) as reference electrode. Electrochemical experiments were 

conducted with an Autolab PGSTAT20 system (EcoChemie, Netherlands).

(a)

Counter I Reference 
electrode I electrode

Insulating 
putty

(c)

Insulator 
Wires

Diamond

Clip (gold coated) Insulator

Figure 13. The schematic diagram for the setting of diamond as the working electrode in solution 
(a) with the circuit assignment in connection to potentiostat; (b) the schematic circuit, with the 
circuit grounded at external wires connection via V2; and (c) the side view of sample mounting

Chemical reagents used were of analytical grade. CuCk (JMC, 99+ %), 

CuSO4.5H2O (Aldrich, 98+ %), Ru(NH3)6Cl3 (Alfa Aesar, assay), KC1 (Aldrich, 99+ %), 

NaHCO3 (BDH, 99.5 %) were used directly without further purification. Demineralised 

water was taken from an Elgastat filter system with resistivity of not less than 18 MQ cm. 

Experiments were conducted after de-aerating with high purity argon (BOC) for at least 15 

minutes. The temperature was 22 ± 2 °C.
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3.3.2 Results

3.3.2.1 pH and Temperature

The changes of conductance in different pH environments were tested. Conductive 

diamond was dipped into solutions comprising 0.1 M KC1 (pH 7), or with 0.1 M HC1 or 

0.1 M KOH added to produce pH 1 or pH 13 acidities respectively at 300K. Conductivity 

was both measured in solution, or after the substrate was withdrawn from solution and 

allowed to dry by argon in the laboratory atmosphere. Results are illustrated in figure 14, 

where the variation in conductance compared to the initial conductive state is plotted for 

the differing treatments. The conductance in solution under pH 1 condition is comparable 

to that observed from the sample prior to insertion; the conductivity falls for the solutions 

of higher pH. This shows that for lower pH, an approximately four times the conductance 

is obtained in air than in solution (i vs vi); whereas the diamond that was dipped inside 

solution of pH 13, the conductance measured in air after being "washed-and-dried" is 

much lower than that measured in basic solution (iii vs iv). Sample dipped in neutral 

solution shows intermediary conductive behaviour between the solutions of different pH 

(ii vs v).

1.&-6

CO

Treatments

Figure 14. Conductance observed in solution at (i) pH 1, (ii) pH 7, (iii) pH 13 and after sample 
was withdrawn and dried from solutions of(iv) pH 13, (v) pH 7 and (vi) pH 1
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By simply washing the diamond pieces with pure water, the initial SC value of 1 x 

10"6 S can be restored. The measured changes in conductivity were also found to be 

insensitive to the KC1 concentration as it was varied in the range 0.5-0.05 M (results not 

shown), suggesting that it is the concentration of hydroxide and hydroxonium ions which 

are primarily responsible for the changes occurring.

The thermal effect on surface conductive diamond in the exposure to different 

chemical environments (i.e. pH) was investigated. Experiments were conducted by 

increasing the temperature in the solutions of pH 1 or pH 13, while the in-situ changes of 

diamond surface conductance was recorded. The result presented in figure 15 shows the 

diamond in alkaline solution which suffered sharp fall of conductance soon after 50 °C 

and irreversible change of surface conductivity was observed, even the solution was later 

cooled down to the room temperature. The diamond under SEM (not shown) reveals low 

intensity of image as compared to surface conductive region with high hydrogen content, 

suggesting that the surface has suffered from oxidization. As compared to acidic medium, 

the surface conductance remains at high conductive state in solution even if the 

temperature of the solution was brought up to boiling point.

110

100 

§ 90 

V 80 

70 

60

50
20 40 60 80 100

Temp/ C

Figure 15. Conductivity at temperatures indicated in acidic solution (0.1 M KCl solution, pH 1), 
and alkaline solution (0.1 MKCl solution, pH 13)
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The in-situ change of conductance relative to the changes of pH environment was 

carried as follow (see the experiment setup in figure 16, illustrated on the right). Diamond 

was mounted as before and the SC was measured with two probe contacts. The sample 

was dipped in NaHCO3 solution (0.1 M, pH 8.45), and HCI (0.1 M, pH 1.00) was titrated 

gradually inside the solution. The solution was stirred well with a magnetic stirrer for 5 

min to induce homogeneity for each HCI addition. With the addition of acid, the 

conductance increased at nearly 3.6 x 10"8 S/ pH from the initial value of 2.5 x 10"7 S. The 

SC was saturated at 3.2 x 10"7 S in the pH range of 6.5 - 2.5, which was the equivalent 

point of VHCl/VNaHCO3 ~ 1.0. With the increase of acidity in the medium, the
o

conductance has started to increase drastically at approximately 7.0 x 10" S/ pH.

4.0E -07

3.7E -07

CO
Q> 3.4E -07 
Oc

JO 3.1E -07
O
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"O 2.8E -07

O
^ 2.5E -07 \

2.2E -07

0 468 
PH

PH 
meter

Solute 
NaHCO3

HCI

Conductance 
ramperometer

Heater

Diamond
Magnetic stirrer

10

Figure 16. Variation of conductance in solution as HCI is titrated into a weakly basic bicarbonate 
solution; schematic drawing on the right showing the experiment setup

Briefly, the change of surface conductivity on surface conductive (undoped) 

diamond has shown much significant effect in air than in solution. With the magnitude 

changes of conductance in air of 5 - 6 orders between two extreme chemical environments 

(i.e. pH), the changes of SC in solution would merely be observed in less than 1 order of 

magnitude.
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3.3.2.2 Electrochemistry

3+The surface conductive diamond was tested for one-electron reduction of Ru(NH3)6 to 

probe the basic electrochemical behavior. CVs were recorded at different scan rates for
3+the reduction of 3 mM Ru(NH3)6 in 0.1 M KC1.

8.E-07

1.6E-05

1.2E-05

8.0E-06

4.0E-06

O.OE+00

y = 3.2E-05x 
R2 = 1.0E+00

= 1.6E-06x+1.5E-07 
= 1.0E+00

(i)

(ii)

-0.7 -0.3 -0.1 0.1

E/V vs SCE
0.3

0.2 0.4 0.6(Scan rate/Vs'1 ) 172

Figure 17. CVs for surface conductive diamond in 0.1 M KCl at a potential scan rate ofO. 1 Vs'1 
(a), and the reduction of 3 mM Ru(NH3)63+/2+ in 0.1 M KCl at different potential scan rates (b = 
0.02 Vs"1, c = 0.1 Vs'1, d = 0.2 Vs"1). Figure on the right shows the correlation plot ofcathodic 
peak current, Icp vs v1/2 for (i) theoretically expected current and (ii) experimental current

The potential ramp was initiated at 200 mV and scanned in the negative direction. 

On the forward sweep, cathodic peaks are observed at - 410 mV, which are associated 

with one-electron reduction of Ru(NH3)63+ to Ru(NH3)62+. On the reverse sweep, anodic 

peaks of oxidation current are observed at approximately - 51 mV, which are associated 

with one-electron oxidation of Ru(NH3)62+ generated at the electrode surface back to 

Ru(NH3 )63+. The average difference between oxidation and reduction peak potentials (A 

Ep) is 359 mV and asymmetrical feature of CV was observed, with cathodic current 

higher than anodic current. The cathodic peak currents for this redox analyte varied 

linearly with v172 (r2 ~ 0.99), however does not pass exactly through the zero intercept. 

According to Randles-Sevcik equation, a reversible electron transfer reaction shows the
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direct proportionality between the peak current and square root of scan rates, crossing the 

zero origin. Therefore, the process involved here is not fully diffusion controlled. The 

magnitude of the cathodic peak current 17(ii) is about 1 - 2 orders smaller than the 

theoretically predicted current, (i).

3.3.2.3 Metal Deposition and Stripping
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-0.9 -0.6 -0.3 0
E/VvsSCE

0.3

O.OOE+00

-5.00E-06

os
-1.00E-05

-1.50E-05

-2.00E-05

(b)

-2.50E-05 
0.6 -0.9 -0.6 -0.3 0 0.3 0.6

E/VvsSCE

Figure 18. (a) CVs for three consecutive scans obtained on surface conductive diamond with a 
potential scan rate of 20 mVs'1 for the reduction ofl mMCuC^ in aqueous 0.1 MHCl and (b) the 
corresponding integrated current response of the third potential cycle.

The metal deposition onto surface conductive diamond was performed electrochemically 

in aqueous solution of 1 mM CuCh dissolved in 0.1 M HC1. The scan was initiated at 0 V 

in the negative direction, and continues to flow at less negative potentials on reversal of 

the scan direction as two potential crossovers were found within the potential of - 0.20 and 

-0.4 V vs SCE, indicating the mechanism of growth and deposition initiated on the 

reduced copper as nucleation sites. The copper reduction and deposition is observed with 

the maximum cathodic peak at - 0.43 V. The continued scanning in the positive direction 

yielded a very well-defined metal stripping (i.e., oxidation) peak at - 0.05 V, followed by 

a second stripping peak at 0.28 V vs SCE. The integrated current response, as revealed in
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figure 18b, showed the possible occurrences of two reductions (linear slopes upon 

cathodic direction) and two metal stripping processes (marked curvatures on reverse scan).
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Figure 19. (a) CVs of copper electrodeposition and stripping process on surface conductive 
diamond in response to CuCl2 (1 mM, pH 1) in 0.1 M HCI at different potential scan rates (i = 
0.01 Vs 1, ii = 0.05 Vs'1, Hi = 0.10 7s'1, iv = 0.50 Vs'1, v = 1.00 Vs 1) with the magnified region in 
inset for - 0.9 <E <0 Vvs SCE; (b) The correlation plot of stripping peak currents, Peak 1 and 
Peak 2 vs square root of scan rates, v1/2

Figure 19a shows the CVs at different potential scan rates, ranging from 0.01 Vs" 1 

to 1.00 Vs"1 , with the inset showing the potential crossover curves within - 0.8 and 0 V vs 

SCE regions at different scan rates. With increasing of potential scan rates, the cathodic 

reduction curves were shifted down to more negative current, while peak 2 that was 

observed at 0.28 V increased drastically as compared to peak 1 at - 0.05 V vs SCE. 

Figure 19b shows the correlation of copper stripping peaks, peak 1 and peak 2 to the 

square root of the scan rates, v1/2, revealing the linear correlations for their stripping 

current to v172 though the plots do not pass through the zero origin, signifying fairly less 

diffusion controlled process have taken places.

The stripping efficiency, QstriPPing (or Q+/Q-) is defined here as the charge 

accumulated under the anodic stripping peak divided by the charge counted under the 

cathodic deposition peak for the copper deposition and stripping process. The stripping
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efficiency as a function of potential scan rates is plotted in figure 20. The stripping
-i -iefficiency increased from 0.2 at a scan rate of 0.01 Vs to 0.85 at 1.0 Vs . The increase 

of the ratio shows that the deposited copper particulates could more easily be stripped off 

when higher potential scan rates were applied.

0 0.2 0.4 0.6 0.8
Scan rate/ Vs"1

1.0

Figure 20. The correlation plot of 
stripping efficiency (Q+/Q~) 
versus the scan rates on surface 
conductive diamond in response 
to CuCl2 (1 mM, pH 1) in 0.1 M 
HCl

The electrochemical behaviour of surface conductive diamond was compared to 

boron-doped diamond in response to CuCl2 solution (1 mM, pH 1). For boron-doped 

diamond, two copper stripping peaks were observed at - 0.11 V and 0.30 V vs SCE, and 

the metal reduction and stripping peaks increased accordingly to the increase of respective 

square root of the scan rates, v1/2 (not shown). Unlike surface conductive diamond, the 

stripping peak that was observed at 0.30 V on boron-doped diamond did not show the 

drastic increase of stripping current at high potential scan rate.

The comparison of electrochemical response of surface conductive diamond (a) 

and boron-doped diamond (b) to CuCl2 is revealed in figure 21. The corresponding 

current signal for the surface conductive (order of 10"7 A) is nearly an order of current 

magnitude smaller than boron-doped diamond (order of 10"6 A). Furthermore, the copper 

deposition and stripping peaks occurs at a wider potential for surface conductive diamond 

(-0.8 < V < 0.5) than boron-doped diamond (-0.5 < V < 0.5), signifying a type of sluggish 

kinetics process has taken place electrochemically on the surface conductive diamond

electrode.
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(a) 4 x 10'7
A 

V
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4XKT6
(b) V
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Figure 21. The comparison ofCVs responses to CuCl2 (1 mM, pH 1) in 0.1 MHCl at a potential 
scan rate of 0.1 Vs'1, on (a) surface conductive diamond (0.04 cm2), and (b) boron-doped diamond 
(0.0079cm2)

In order to study the condition of a chloride free environment, acidified CuSCU 

solution in 0.1 M HC1 and neutral CuSO4 (pH 7) in 0.1 M Na2SO4 were conducted for the 

comparison to the previous experiments. CVs in figure 22 show the response of surface 

conductive diamond to CuSO4 (pH 1) at different concentration, ranging from 0.5 mM - 

10 mM.

1.8E-06

8.0E-07
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Figure 22. CVs response of surface conductive diamond on different concentration ofCuSO4 (pH 
1) in 0.1 MH£O4 (a = 10 mM, b = 5.0 mM, c = 1.0 mM, d = 0.5 mM). Figure on the right 
showing the stripping efficiency vs CuSO4 (pH 1) concentration of(i) surface conductive diamond 
and (ii) boron-doped diamond
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In figure 22, the intersecting of forward and reverse current vs E curves on 

cathodic sweeps were also observed due to the metal nucleation and growth mechanism. 

The reduction peak was observed at - 0.1 V in response to different concentration whereas 

the oxidation peak shifted to higher stripping potential from 0.02 V (for 0.5 mM CuSCU) 

to 0.20 V (for 10 mM CuSO4).

The stripping efficiency of copper on surface conductive diamond (see figure 22i) 

was found to be independent on the concentration of CuSCU solution, with an averaged 

Q+/Q- ratio of 0.68 within the range of concentration. This was in contrast to the boron- 

doped diamond (22ii) as the stripping efficiency increased exponentially with the 

increasing concentrations of CuSCU solution.

The surface conductive diamond was also compared electrochemically to boron- 

doped diamond in response to CuSCU solution, as the result is shown in figure 23. The 

CV for the conductive diamond was extended to a larger potential range (- 0.6 < V < 0.5) 

and the redox current signal was nearly an order of magnitude smaller than boron-doped 

diamond. The copper dissolution peak for boron-doped (23b) diamond was observed at 

0.02 V vs SCE, as compared to 0.20 V for surface conductive diamond (23a).

-0.8 -0.4 0
E/V vs SCE

0.4

Figure 23. The comparison of CV responses to CuSO4 (5 mM, pH 1) in 0.1 MH2SO4 at a potential 
scan rate of 0.1 Vs'1, on (a) surface conductive diamond (0.04 cm2), and (b) boron-doped diamond 
(0.0079cm2)
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The pH sensitivity of surface conductive diamond was investigated by changing 

the acidic environment to neutral solution of CuSO4 in 0.1 M Na2SO4. The first few scans 

have shown the gradual decreases in faradaic signals upon the potential scanning, 

followed by the subsequent loss in signal (i - iii). As revealed in figure 24 (A), the CV 

shows high resistive feature of electrochemical process with insignificant response of 

copper deposition on negative potential scans. Upon positive potential sweeping, no 

copper dissolution peak was observed at different potential scan rates. Figure 24 (B) 

presents the comparison of CV signals towards CuSO4 solution of pH 1 and pH 7, as 

referenced to the non-conductive diamond with a surface conductance of ~ 1 x 10~n S.

Thus, the electrochemistry of the surface conductive layer is very pH dependent.
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Figure 24 (A). CVs response 
of surface conductive 
diamond to CuSO4 (1 mM, pH 
7)in0.1MNa2SO4 at 
different potential scan rates

1 li = 0.05 Vs, ii = 0.1 Vs, Hi
1= 0.2 Vs)

Figure 24 (B). CVs response 
of surface conductive diamond 
to 10 mMCuSO4 ata 
potential scan rate ofO. 1 Vs'1 
(a = inpH 1, b = inpH 7) as 
being compared to non- 
conductive diamond (c, in 
either pH 1 or 7)
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3.3.2.4 SEM Investigation

Figure 25. SEM images of surface conductive 
diamond (a) obtained after hydrogenation, (b) 
obtained after deposition of copper by scanning 
the potential in CuCl2 (1 mM, pH 1) in 0.1 M 
HCl to -1.0 V and (c) obtained after deposition 
and stripping of copper by scanning the 
potential to 0.5 V

The surface morphology of the surface conductive diamond was examined using SEM. 

The nature of the copper deposits formed under different conditions could also be 

investigated. As-grown and after hydrogenated diamond shows a very clean, and well 

faceted surface, with (111) structures of approximately 20 jLim dominating the surface 

structure.

The possibility of electroless metal deposition on the surface conductive diamond 

was performed by dipping the conductive diamond in 1 mM CuCk (pH 1) and the 

diamond was left in the solution for a day. The result showed no copper being deposited 

under the examination of EDX (result not shown) and exhibited similar image to (a). 

After sweeping the diamond to negative potential of - 1.0 V and keeping hold for 1
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minute, the SEM shows ball-shaped copper clusters with diameter 1.0 - 2.0 j^m (figure b) 

deposited randomly on surface edges, and some were found on grain boundaries. The 

same procedure was carried out, by holding the potential for a minute at - 1.0 V, and then 

continued scanning to anodic potential, and later keeping hold at 0.5 V for 1 minute. The 

diamond was brought out and later washed-dried (SEM in figure c). There was only a 

small amount of copper remains on diamond surface under the investigation of SEM and 

EDX, signifying an incomplete metal stripping has taken place.

3.3.2.5 Potential Pretreatment Modification

The effect of pretreating the electrode surface before deposition and stripping of copper 

was investigated. Polarization at anodic and cathodic potentials is known to change the 

nature of surface functionalities such as O-groups, on boron-doped diamond electrodes.

-0.6 -0.3 0 
El V vs SCE

0.3 0.6
-3 -2.5 -2 -1.5 -1 -0.5 0 

Cathodic pretreatment/ V

Figure 26. (i) The third CV scans after the subsequent cathodic pretreatments for 30 s in 
(I mM, pH 1) at a potential scan rates of 0.1 Vs'^a =-1.0V,b= -7.5 V, c = -2.0 V,d = -2.5 V, 
e = -3.0 Vvs SCE); (ii) The correlation plot of the dependence of stripping efficiency, Q+/Q- on 
applied cathodic pretreatedpotentials

The surface conductive diamond was pre-polarized to cathodic potentials for 30 s 

in the range of - 1 to - 3 V vs SCE before the start of the CV scans, and the third 

voltammograms of each respective applied potentials are shown in figure 26 (i). The
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figure shows no feature of potential crossovers that indicates the growth and deposition 

mechanism for the first scan (not shown). This is simply due to the massive amount of 

deposited copper upon cathodic polarization. However, the feature re-appeared for the 

second and the third scan. The amount of deposited copper increased at higher cathodic 

polarization, followed by higher stripping peaks at anodic potential of - 0.05 V vs SCE. 

Figure 26 (ii) is a plot of stripping efficiency, Q+/Q- vs the cathodic potentials, revealing 

that higher Q+/Q- (> 0.5) can be achieved at a potential above - 1.0 V. Further 

polarization at more negative potentials shows insignificant change on the ratio.

Figure 27 shows the CVs of the cathodically treated diamond, with somewhat 

enhanced reduction signal after the pretreatments. However, the stripping signals before 

and after the cathodic polarization remain unchanged at - 0.05 V vs SCE.
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Figure 27. The CV responses of surface conductive diamond to CuC\2 (1 mM, pH 1) at a potential 
scan rate ofO. 1 Vs'1 before and after cathodic treatment.

Anodic pretreatments were performed on the surface conductive diamond by 

applying a certain positive potential for 30 s before the start of CV scans. Figure 28 shows 

the CVs response of the diamond to 1 mM CuClz (pH 1), ranging from the pre-applied 

potentials of 0.5 V to 2.0 V. Drastic decrease of copper stripping peak was observed from 

figure 28c to 28d, revealing that an anodic potential of 1.5 V can diminish the
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electrochemical response. By continuing the pretreatment to higher positive potential, 

both of the current signals for copper reduction and stripping disappeared (e).
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Figure 28. The CV 
responses of surface 
conductive diamond to 
anodic polarization for 
30 s in CuCl2 (1 mM, pH 
1) at a potential scan 
rateofO.l Vs 1; (a = 0 V, 
b = 0.5V,c = 1.0V,d = 
1.5V, e= 2.0 VvsSCE)

Attempts were made to restore the anodized surface to initial conductive state, 

either by re-applying cathodic pretreatments or by just exposing the diamond to the air. In 

figure 29, the faradaic signal for copper reduction and stripping increased from (a) to (b) 

after being applied at - 2.0 V for 2 mins. The diamond was later polarized cathodically to 

longer period up to 4 min at the same potential, as presented in (c). The response was 

barely increased at orders less than two after vigorous cathodic pretreatment; however, by 

purposely exposing the surface to atmospheric air for a day, the CV response was 

enhanced more than fourfold (figure 29d).
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Figure 29. The CV 
response of surface 
conductive diamond to 
CuCl2 (1 mM, pH 1) at a 
potential scan rate of 
0.1 Vs-1 ;
(a) anodically polarized
(b) cathodically 
polarized at -2.0 Vfor 2 
mins (c) cathodically 
polarised at -2.0 Vfor 4 
min (d) exposed to air 
for a day
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Stripping efficiency for each surface treatment under anodic plarization was 

compared, as presented in the figure 30. As similar to the case that was shown earlier in 

CV of figure 28, the stripping ratio, Q+/Q- decreased significantly after the anodic 

pretreatment was performed up to 1.0 V for 30 s. By applying the cathodic pre-treatment

and the exposure to atmospheric air (for a day), the Q+/Q- ratio increased. 

0.6
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anodic treated treated
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Figure 30. The stripping efficiency, Q+/Q- after each subsequent pretreatments

The distinctive comparison for the electrochemical effect by anodic polarization on 

surface conductive diamond is shown in the CVs of figure 31. The CVs in the response 

to CuCl2 for the initial condition of surface conductive diamond (a) is compared to the 

CVs obtained after the diamond was anodically pretreated (b) and after being exposed to 

air (c). 
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Figure 31. The CVs of 
the response to 1 mM 
CuCl2 (pH 1) in 0.1 M 
HCl at a potential scan 
rate of 0.1 Vs 1 ;
(a) initial surface 

conductive signal,
(b) after sequential 

anodic 
pretreatments,

(c) after exposed to air
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3.3.2.6 Conductance vs Metal Deposition

Experiments were performed to measure the changes of surface conductivity during metal 

deposition via two probing contacts on both end sides of diamond, inside the CuCli (1 

mM, pH 1) solution. The in-situ conductance is measured under the applied voltage of 2 

V around the external circuit. One of the contacts on diamond is connected to a 

potentiostat, as shown in experimental setup in figure 13 (a) and a cathodic potential of- 

3.0 V vs SCE is applied for 10 minutes in a typical chronoamperometric method. Only a 

specified small area (4 mm x 3 mm) in the centre of the diamond was exposed to solution, 

with insulating putty covering the rest.

The figure 32 (a) shows the decrease of surface conductance in solution while 

cathodic potential is applied. Within the period of 10 min, the conductance It at time t of 

the exposed area decreased linearly for 30 % from the initial value, IQ. The diamond was 

later taken out to air and rinsed with pure water. After the diamond was let dried, the 

conductance of different regions was tested with two-probe measurement. One of the 

probes was fixed at position A (as presented in figure 32 (b)) and probe B was adjusted at 

a position perpendicular to the piece of diamond. The surface remains conductive at the 

optimal level at 5 x 10"6 S on un-exposed diamond area, which is still well hydrogen- 

terminated. When the conductance was measured in between the position around 4 and 8
Qmm from probe A, the surface conductance dropped to a value of 5 x 10' S. The 

measurement for probe B in the center of copper deposited area showed a significant 

decrease of surface conductivity, down to 1 x 10" 11 S. The related figures are shown in the 

next page.

The exposed area in the middle of the diamond has shown to be more hydrophilic 

as compared to the covered area by insulating putty. This phenomenon was simply 

evidenced by observing the water droplets tend to stay on the surface with much smaller 

contact angle, signifying the occurrence of higher surface wettability. However, the
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region on the else parts exhibited the water-repulsive behaviour of hydrophobic 

characteristics, due to the presence of high surface hydrogen content.
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Figure 32. (a) The decrease of conductance at time t in CuCl2 (1 mM, pH 1) in 0.1 M HCl 
solution vs the deposition period of copper; (b) the exposed area of diamond in the solution 
medium with deposited copper, as compared to the remains conductive hydrogen-terminated 
region and (c) the corresponding conductance between two-probe contact measurements, A and B
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The exposed area of the surface conductive diamond in CuCk solution was further 

examined under SEM, as presented in figure 33. The image shows the presence of copper 

particulates scattering randomly on the exposed area, with the observed metal cluster sizes 

of approximately 1 um. Under the electron bombardment in SEM, the image for the 

unexposed area of the conductive surface was much brighter than the metal deposited 

region (which was in the dark side), suggesting the exposed surface has suffered from the 

electrochemical oxidation and the loss of conductive layer.

Figure 33. SEM (on the right) shows the two distinctive regions of conductive and non-conductive 
layers. The expanded SEM on the left showing the darker region -with copper deposits

3.3.3 Discussion

There is a growing interests in using surface conductive diamond as a liquid sensor [14- 

16] in devices, such as ion sensitive FETs (ISFETs). There is also an interest in realizing 

the electrochemical sensors based on the surface conductive diamond. In both cases, the 

attraction is the application for high quality electronic devices, which can be made from 

surface conductive diamond, either as the sensor itself or as "on-board" electronics, in 

comparison to boron-doped diamond material. These are the two main reasons that 

provide the motivation for our present studies.
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3.3.3.1 Changes of Conductivity

According to models of SC in previous section, the adsorption of ions should change the 

band bending, thus subsequently resulting in the change of SC. This is what we observe in 

solution, where for example the surface conductivity falls as the pH is raised. This pH 

dependence is qualitatively similar to that predicted from the gas phase observations so it 

is possible that the surface chemistry occurring in the two situations is similar.

Works shown in figure 14 and 16 suggest that the diamond surface conductivity in 

solution is greatly dependent on the presence of ionic species. This is in agreement with 

previous work [16,39], which indicates the effect is arising from the proposed change in 

the band bending accordingly to the ad-species in the surface conductive model (see 

mechanism in figure 34a). The increased pH sensitivity of the H-terminated channel can 

result from an increased density of the ionic radicals attached to the surface C-H. In acidic 

solution, electron densities are accepted by oxoniums from the surface hydrogen. 

Hydrogen atoms on diamond surface would thus be positively charged, causing the 

attraction of valence electrons (from valence bonds), which will directly correspond to the 

presence of holes. Reports [16,25] suggested that the surface dipole formed within the C- 

H bonds will in turn induce the surface-potential pinning at the valence band edge, thus a 

lower activation energy of Fermi level is generated, equivalent to the chemical potential in 

the solution (figure 34 b). The process is described as in equation 9, although it is 

probably too simplistic to discuss this in terms of integral electron transfer;

C-H + H3O+ -» C-H+ + H3O -» h + C-H + H3 O (eqn 9)

where C-H is the hydrogen terminated surface and h is the hole in acceptor layer. The 

existence of hole accumulation would cause the upward band bending corresponding to 

the appearance of the/>-type layer (figure 34b).
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With the increases of pH, the negatively charge ionic radicals from basic solutions, 

such as 'OH (from KOH, see figure 14) and HCO3" (from NaHCO3, figure 16) would 

adsorb on the H-terminated diamond surface, weakening the polarization of the C-H bond 

and shifting the energy level of the bond-related electronic state to higher energy. The 

surface Fermi level would then be shifted up accordingly (figure 34 c), resulting in the 

depletion or downward band bending of the p-type channel [16] and compensating 

(neutralizing) the hole charge. The process of surface neutralization by KOH will form

water and salt (KC1), with the disappearance of holes, as described in equation 10;

H3O + h + OH' + K+ + Cr -> 2H2O + KC1 (eqn 10)
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p-type surface conductive layer Energy shift of the 
surface state level

Figure 34. Schematic model for the pH sensing mechanism on diamond surface in solution; (a) 
the process of hole creation in diamond film, (b) surface pinning by hydrogen in solution withpH 
< 7, (c) effect of basic ion adsorption in solution withpH > 7

Changes in conductivity can be observed after the surface conductive diamond is 

taken out from solution and dried (as shown in figure 14), and the conductance becomes 

even more amplified. Evidently although the solution phase is necessary to mediate the
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electron transfer from the diamond valence band, once this has occurred the charge 

transfer can be maintained even when the solution is removed. The remaining ions, such 

as H3O+ would stay on the H-terminated surface for inducing hole accumulation whereas 

the OH" would induce the opposite effect, by neutralizing the hole charges. Without the 

presence of non-specifically adsorbed species within the double charge layer found in the 

solution phase, the ions would dominate the charge transfer in air and enhance the effect 

of the hole manipulation in acceptor layers. Normal conductivity can be regained by 

rinsing with water, which can wash off the ions.

With the increase of temperature in the solution, the adsorption rate for OH" (in 

alkaline solution) would be accelerated through thermal enhanced diffusion process, thus 

the conductance is reduced drastically due to massive formation of depletion layer. This 

is in contrast to the steady states of diamond surface conductivity in acidic solution (figure 

15), even at high boiling temperature. This would suggest that the ionic oxonium 

compounds could mediate the rate of electron transfer and the substitution of hydrogen 

radical in between H-terminated surface and oxonium is not impossible at high solution 

temperature [40].

These above observations would suggest that there is 'mileage' in using surface 

conductive diamond as a sensor, but they are likely to be problems of two important issues 

(i) the selectivity in response to specific ion species, and (ii) the chemical stability, for 

example the result in figure 14 shows that the SC is stable in acid, but not in alkali media. 

This is a major problem for the applications of surface conductive diamond.
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3.3.3.2 Electrochemical Properties

Virtually, all electrochemical works on diamond have been done with boron-doped 

diamond. This is the first work to investigate the electrochemical properties of surface 

conductive diamond since it would be very useful to combine diamond electrochemical 

sensing properties with "high quality" electronics based on such /^-surface conductive 

layer.

(i) Electrode kinetics

From the electrochemical point of view, surface conductive diamond has shown well- 

behaved electrochemical properties, similar to boron-doped diamond and other carbon 

materials. From the Randles-Sevcik equation (Section 2.10.2, Chapter 2),

Peak current, 7P = (2.69 x 105) n 12 ADm C J'2 (eqn 11) 

the effective electrochemically active area for the surface conductive diamond can be 

estimated. From the reduction of 3 mM Ru(NH3)63+ shown in figure 17, at a scan rate (v = 

0.02 Vs-1 ), diffusion coefficient of Ru(NH3)63+ (£>Ru(NH3)63+ = 9.1 x 10"6 cmV 1 ) [31] with
-^

one electron transfer involved, the active area, A is estimated as 0.12 mm . With the same 

equation applied to CuCl2 (from figure 18), by employing Z)CuCl2 = 5.7 x 10"6 cmY1 [31], 

v = 0.02 Vs"1 , C = 1 mM, n = 2 electrons transferred during deposition, the estimated 

active area, A = 0.10 mm2 . Both of the theoretically predicted areas are nearly 1-2 orders 

of magnitude smaller than the standardized geometrical area in these experiments, Areal = 

4.00 mm2 . The small magnitude of currents is due to the fact that not all exposed surface 

(geometrical area) are electroactive, and more likely that the electroactivity is strongly 

dependent on the (a) density of the surface conductivity and (b) coverage of the sub­ 

surface H-conductive thin layer. However, the calculated area for boron doped diamond is 

in good agreement with the geometric area in the response to Ru(NH3 )63+ and CuCl2 which 

suggests that the geometric electrode area of boron-doped diamond is similar to the
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electroactive area upon the experimental time scale. For example, for the redox system 

involving CuCli in figure 21(b), the estimated area from the reduction peak current of 4.2
/%

jiiA is 0.73 mm which represents well the geometrical area of boron-doped diamond 

electrode of 1 mm in diameter.

For the peak separation, kEp = 359 mV of surface conductive diamond in figure 

17, and correspondingly \\f = 0.015 [41] (calculated from equation 52, Chapter 2), the 

heterogeneous constant, k was estimated to be 7.08 x 10"5 cms"1 . The low k in comparison 

to boron-doped diamond is an indicator of very slow/sluggish kinetic process or due to 

alternative potential drop across the diamond surface. The correlation plots between the 

peak current for Ru(NHs)63+ and CuCl2 to the square root of scan rates (7p vs v1/2) have 

shown a linear correlation, though the plots do not cross the origin. This suggests a not 

fully diffusion-like controlled process to have occurred on the surface conductive 

diamond, which can be due to some inhibited electrode kinetics or even surface roughness, 

causing inhibited kinetic factor (slower in response to the potential change at certain 

period) particularly at high scan rates.

The possibility of interfacial adsorption of the analytes on surface conductive 

diamond can be ruled out from occurring, as the plot of peak currents to scan rate (7p vs v) 

is nonlinear. Therefore, the electrochemistry involving electron transfer has shown to take 

place on surface conductive diamond, rather than just adsorption-desorption process on the 

surface.

(ii) Metal deposition and stripping features

The deposition of copper on the surface conductive diamond shows the behaviour of a 

typical nucleation and deposition mechanism, which is similar to the type of behavior that 

has been observed for Pt, Pb and Hg on boron-doped diamond [42] (figure 18, and 

comparison in figure 21). The initial nucleated sites on surface conductive diamond
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would serve for sequential growth and deposition; thus the cathodic current flows at less 

negative potentials than that required to initiate the deposition. This explains why the 

copper was deposited randomly as small clusters with 1-2 |iim in diameter, instead of 

forming a copper layer.

The copper clusters are randomly distributed on the surface. This SEM observation 

is in contrast to the reports [43,44], which have shown that the copper [43] and silver [44] 

preferably covered the grain boundaries under their high potential electroplating method 

According to their reports, the conductive pathway [43] has been suggested to be 

contributed both by the grain boundaries on the surface (lateral measurement) and within 

the bulk (vertical measurement), whereas hopping transport within grain boundaries [44]. 

However, these results would be doubtful as the generation of non-diamond properties 

would be favourable under high applied potential (~ - 15 V). This is because under high 

electrical supply (voltage breakdown), more defective areas would be created preferably 

on the grain boundaries due to low surface energy, and thus became the suitable 

deposition area. The insignificant amount of grain boundaries exist on surface conductive 

single crystal can easily rule out the arguments about surface conductivity is only 

saturated on grain boundaries pathways. In surface conductive diamond, the conductivity 

arises laterally due to adsorbates on the surfaces; hence any effects due to grain boundary 

conduction are negligible.

According to the model postulated [45], it is likely that a part of the metal phase 

adhering to poor conducting sites of the electrode cannot be stripped at the anodic 

polarization. In contrast, when the electrode surface is electrically and chemically 

uniform, the crystallization process may start from different randomly located sites and 

any deposited metal on the surface can be completely removed upon anodization. After an 

anodic potential is applied, SEM (see figure 25c) shows a small remaining amount of 

copper clusters on the diamond with the stripping efficiency less than unity (figure 22i),
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suggesting an incomplete stripping process occurs on the less conducting sites. It is 

probable that the deposited metal disrupts the surface conductivity underneath, hence the 

metal particles have poor electrical contact to the underlying diamond surface, and thus 

not all of the deposits can successfully be stripped off. The high potential inertness of the 

deposit can also be attributed to the unusual stability of thermodynamic factor, by which a 

higher overpotential is required to strip the deposited metals.

In figure 22, the stripping efficiency of surface conductive diamond is fairly 

independent on the copper concentration. For undoped diamond, the acceptors are 

completely activated at room temperature, though the surface electroactive sites are 

comparatively low in uniformity and density. Thus, the interaction of copper on surface 

conductive diamond would be specific, involving the H-conductive layer. The deposition- 

stripping was suggested to follow the hole injection mechanism involving the electron 

transfer from the valence band of surface conductive diamond to copper redox couple in 

the solution, regardless of the concentration of copper solution. This phenomenon was 

reported similar to the case of metals deposition onto />-type semiconductors, by which a 

stripping peak is usually observed due to the transfer of valence band holes (majority 

carriers) to the metal at sufficiently positive potentials [46,47]. In contrast, boron-doped 

diamond shows great dependence of stripping efficiency on copper concentration. This 

may due to the acceptor level of boron-doped diamond lies deep in extrinsic region at 

room temperature [15]. The amount of activated acceptors is much less, causing weak 

adhesion and small electrostatic interaction effects between the reduced particles and 

diamond surface, particularly at low concentration. Subsequently, the small copper 

particles will dissolve into the solution phase before they can be successfully stripped off. 

Report [48] has shown the same trend of stripping efficiency to copper concentration, 

suggesting the formation of colloidal copper could have taken place at low concentration.
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(iiO Redox system

From the CV shown in figure 18, the possible copper reduction from CuCli may proceed

according to the reaction in equation 12 and 13 by considering the individual reduction

potential standards. However, the equation 12 is more thermodynamically favourable as

the deposited metallic coppers were found under our SEM investigation (shown in figure

25).

Cu2+ (aq) + 2 e' -> Cu (s) E0 = 0.337 V vs SHE (eqn 12) 

Cu2+ (aq) + 2 Cl" (aq) + e" -> CuCl"2 (aq) £° = 0.485 V vs SHE (eqn 13)

Upon scanning to positive potential, copper was stripped at - 0.05 V vs SCE (peak 1), 

which is attributed to the conversion of Cu (s) to Cu+ in the form of dichlorocuprate ion, 

CuCl~2 [49] as given in equation 14;

Cu (s) + 2 Cl" (aq) -> CuCl'2 (aq) + e' £? = 0.189 V vs SHE (eqn 14)

This is followed by a second stripping peak occurred at 0.28 V (peak 2), which denotes the 

transformation of Cu+ to Cu2+ [47,50], in equation 15;

CuCl"2 (aq) -> Cu2+ (aq) + 2 Cl" (aq) + e' E0 = 0.485 V vs SHE (eqn 15)

r* I

The direct copper dissolution from metallic copper to Cu is also considered possible

Cu (s) -» Cu2+ (aq) + 2 e' £® = 0.337 V vs SHE (eqn 16)

As shown in figure 19, the stripping current of Peak 2 increased drastically at high 

scan rate as compared to Peak 1 on surface conductive diamond. In contrast, this 

abnormal increase of Peak 2 at high scan rate was not observed on boron-doped diamond. 

The explanation for this is the slow kinetic behaviour of surface conductive diamond. At 

Peak 1, the stripping process for metallic copper was unsuccessful, particularly at higher
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potential scan rates, which is due to the slow kinetics/ poor contact between metal on 

surface conductive diamond. This would therefore increase the amount of copper to
*j i

dissolve into Cu via the second stripping Peak 2, following the equation 16. Due to 

much higher electrode kinetic for boron-doped diamond, the amount of metallic copper 

that can dissolve into the solution at Peak 1 is obviously much higher, thus the stripping 

current for Peak 2 remains at small magnitude.

For the electrochemistry of surface conductive diamond in acidified CuSCU 

medium, the stripping peak observed at 0.25 V vs SCE is corresponding to the dissolution 

of deposited copper, following the simple reaction as shown in equation 16.

Not surprisingly, the performance of surface conductive diamond is dependent on 

the solution, by which the diamond shows selective response to analyte at different pH, 

thus pH dependent. In figure 24, CVs show ohmic behaviors and the absence of metal 

stripping peak in response to neutral solution. This is in great contrast to boron-doped 

diamond, which shows well-behaved electrochemical response even at high alkaline 

solution. Two reasons for these are (a) in the absence of hydrosonium ions, the surface 

conductivity drops due to the suppression of hole and the weakening of C-H diamond 

bonding. Therefore, there would be no effective conducting layer to serve as a nucleation 

site for metal deposition, though the surface is still well H-terminated. (b) the presence of 

the unbuffered solution creates electrostatic interaction between the copper cluster and the 

surface conductive diamond. The passage of the cathodic current may increase the local 

pH near the electrode, which lead to the possible formation of copper hydroxide on the 

surfaces of the copper particles. Since the cluster is negatively charged by the hydroxide 

absorption, it would be electrostatically repelled from the negatively charged diamond 

electrode surface upon scanning to negative potential.
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(iv) Effects of potential polarization

As expected [51], polarization can oxidize the diamond surface. This is evidenced by the 

wettability of a surface by water, which is generally regarded as a measure of the 

concentration for polarizable groups, which can interact with water by hydrogen bonding 

[52]. The initial hydrophobic H-surface is observed to be more hydrophilic after 

polarization, which can be due to the formation of oxygen functionalities and the partial 

loss of the hydrogen termination.

Anodic polarization has greater effect on modifying the surface conductive layer 

(figure 28) than under the cathodic pretreatment (figure 26). Under anodic polarization, 

the onset of oxygen evolution (equation 17) would likely to be generated above 1.0 V vs 

SCE as compared to the hydrogen evolution which is initiated only below - 2.0 V vs SCE, 

suggesting a potential window of 3.0 V for surface conductive diamond. The solvent 

window for the surface conductive diamond is higher than that observed for a glassy 

carbon electrode, spanning ca. 2.3 V [53] and a nanodiamond electrode, spanning ca. 2.5 

V [54], but is smaller compared to the solvent window at a boron-doped diamond 

electrode, spanning ca. 3.5 V [55];

2 H2O (A,) -> O2 (aq) + 4 H+ (aq) + 4 e" £® = 1.229 V vs SHE (eqn 17)

The peroxy-like intermediates such as HO2" and C-O-O (equation 18,19) [56,57] and 

dissolved oxygen (equation 20) are reactive to hydrolyze H-terminated or polyhydride 

compounds [58,59] into the formation of different oxygen functionalities, such as 

carbonyl, hydroxyl and carboxylate.

H2O (A,) + O2 (aq) + 2 e" <+ HO2' (ads) + OH' (aq) E? = -0.076 V vs SHE (eqn 1 8)

C— H (s) + H02- (ads) -> [C-O-O] (s) + 2 H+ (aq) + 2 e' (eqn 19)

C— H (s) + 02 (aq) -> [C-O-O] (s) + H+ (aq) + e' (eqn 20)
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The XPS C Is at boron-doped diamond has shown the surface is much more highly 

oxidized upon anodic polarization rather than cathodic treatment [51]. Oxidation is 

known to destroy surface conductivity hence it is unsurprising that anodic polarization has 

the greater effect. Subsequently, the carrier density of the conductive site is greatly 

reduced, thus decreasing the surface conduction in response to electrochemical signals. 

However, these effects seem somewhat reversible, since standing in air allows the 

recovery. Oxidation of the diamond surface is irreversible in air so this is somewhat 

unexpected. Presumably disruption of the crucial surface adsorbates instead of break up 

of the surface conductive layer due to loss of H-termination must therefore be implicated. 

This must display the re-adsorption of air adsorbates on the surface.

The cathodic pretreatment on surface conductive diamond in copper solution 

would enhance both copper deposition and abstraction/evolution of H on the reactive 

surface. Hydrogen evolution is believed to interact with the hydrogen-terminated surface. 

A mechanism analogous to the gas phase atomic hydrogen abstraction on surface 

hydrogen during growth was suggested [60], given in equation 21;

C—H (s) + H+ (aq) + e' -> O (s) + H2 (g) (eqn 21)

The exposed free radical sites, O will react with dissolved oxygen or water to 

form oxygen functionalities on the surface. The copper ions might also be reduced on the 

reactive dangling bonds.

The other possible hydrogen evolution might involve the weakly adsorbed H on 

the hydrogen-terminated diamond surface, rather than the chemically bound hydrogen 

[61], which follows the equation 22;

C—H (s)... H (ads) + H+ (aq) + e' -» C—H (s) + H2 (g) (eqn 22)
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The corresponding CV (figure 27) and stripping efficiency (figure 26 ii) were 

remains unaffected at high negative potential. This would mean that the H radicals could 

possibly re-attach again onto the carbon radical and maintain the C-H bonding without 

distorting the surface band bending, thus the surface remains conductive. The simple 

mechanism involved is an H regeneration process, shown in equation 23;

O (s) + 3 H (aq) + 3 e" -> C— H (s) + H2 (g) (eqn 23)

However, the experiment was carried at short period, which is just before the surface can 

be destroyed by both copper deposition and rigorous cathodic polarization.

Under the negative polarization for long period, the surface condition is different. 

As shown in figure 32, diamond was pretreated at a potential of- 3.0 V vs SCE in CuCli, 

and the changes of surface conduction in solution versus cathodic treated period was 

monitored. The regeneration of H* on free carbon radical is severely suppressed and at the 

same time, the copper concentration is greatly increased in the vicinity of the electrode 

surface. Dangling bonds due to the loss of hydrogen was irreversibly substituted by 

reduced copper under high and prolonged cathodic polarization. In turn, the eliminated 

hydrogen radicals will stay within the diffusion layer and create artificial remaining 

conductivity of diamond in the solution. However, after the surface was allowed to dry, 

the effect of the cathodic manipulation was amplified with the observation of very low 

surface conductivity. Since the negative electron affinity of diamond surfaces is due to a 

dipole layer induced by the heteropolar carbon-hydrogen bonds of the surface atoms, the 

loss of hydrogen will in turn increase the electron affinity (more positive) of the diamond 

surface, which produces low electron emission under SEM image in figure 33.
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3.3.4 Conclusion

Conductivity of surface conductive diamond can be changed by aqueous environment. 

Changes persist if the diamond is withdrawn from the solution and can be reversed by 

washing. This is consistent with the ideas that the surface conductivity in diamond arises 

from the charge transfer/ adsorption process at the interface layer. This would suggest the 

possibility for sensor applications if (i) selectivity and (ii) chemical stability are 

satisfactory.

Surface conductive diamond can be used for diamond electrochemistry. 

Electrochemical signals on surface conductive diamond can be obtained and the work was 

demonstrated on Ru(NH3)63+/2+, CuCl2 and CuSO4 .

Surface conductive diamond shows similar chemical behavior with boron-doped 

diamond, e.g. metal/metal stripping. The randomly distributed metal deposits and 

incomplete metal stripping are attributed to low uniformity and low density of the 

electroactive sites.

Electrochemical process on surface conductive diamond involves less electroactive 

area and sluggish kinetics, thus contributing respectively to the phenomena of small peak 

current and wider potential window.

Electrochemical behaviour of surface conductive diamond is very sensitive to (i) 

solution e.g. pH, and (ii) polarization effects. The stripping efficiency of surface 

conductive diamond is independent on the metal concentration due to highly activated 

acceptor level at room temperature.

Electrochemistry gradually degrades surface conductive layer. The potential 

window of surface conductive diamond is ~ 3.0 V between -2.0 and 1.0 V vs SCE.
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Nanodiamond and Electrochemistry

4.1 Introduction
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4.4.7.4 Solvent Test

4.5 Conclusion

4.1 Introduction

Conventionally, CVD diamond that has been grown by using a mixture of hydrocarbon in 

excessive hydrogen gas to produce polycrystalline diamond film consists of crystallites 

with size ranges 1-50 j^m. Hydrogen is expected to react with hydrocarbon precursor 

radicals, such as CHs and €2^2, which are dissociated from carbon-containing gases by 

high temperature plasma. The radicals are responsible for forming fundamental sp3 

bonding spreading upon the nucleated diamond seeds and their addition results in the 

growth of the crystal lattices. Hydrogen suppresses the further secondary nucleation by
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etching away non-diamond properties, and thus 5/7 content is decreased and higher quality 

of diamond can be obtained.

With the decreases of hydrogen content and the subsequent additions or the 

increases of noble gases (such as Ar and He), the transition of crystalline size from micro- 

to nano-scaled is observed. However, reports by Matsumoto et al. [1,2] and Zhu et al [3] 

suggested that the mixture of noble gases with hydrocarbon would favour the growth of 

non-diamond, as the role of hydrogen as an active etchant has been removed. In such 

condition, the C2 would react with the freshly produced CHU and C^h to form propyne 

and cyclobutyne, respectively. The subsequent reaction of €2 with those products would 

further create a series of larger compounds in gas phase, which is regarded as a process of 

homogeneous nucleation. Non-diamond deposition, mainly graphite, amorphous carbon 

and diamond-like carbon are favoured in this process.

+ C2

Figure 1. Mechanism of the direct two-step C2 addition to the (HO)-(l x 1):H diamond surface

In contrary to the process, by scratching the substrate with small diamond particles 

(~ 0.1 micron) and later treated ultrasonically in solvent, a nucleation density of 10 10 cm"2 

is normally achievable [4] and hence heterogeneous nucleation is favoured upon proper

diamond seeding on a substrate (solid). At low hydrogen content, the C2 concentration
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would increase drastically by two to three orders of magnitude. The insertion of C2 into 

CH-bonding occurs to form ethylene-like adsorbate [5] (see figure 1), and further 

formation of single bonds between adjacent adsorbed C2 units can occur directly without 

the initiation by hydrogen additions. The linking of three or more C2 units creates a series 

of carbon dimers formed on the seeds, which are the dominant growth species.

Due to the reductions in crystallite size to nanometer scale, the amount of grain
A

boundaries that rich with sp 7c-bonding carbons will increase. Such boundaries are 

responsible for a high conducting pathway, which can increase the surface conductivity 

[6]. Conventional polycrystalline diamond film has shown great prospects in a wide range 

of applications, but due to its surface roughness, it would hinder the immediate use for 

optical and tribological application. Nanodiamond films appear to be promising in such 

aspects. With low surface roughness for nanodiamond film, the effect of light scattering 

could be reduced and will increase the optical transparency substantially [4]. When used 

in sliding-wear applications, such smooth films cause very low friction and wear losses on 

mating surfaces, which make nanometric diamonds better candidates as coating material 

for mechanical tools. Therefore, nanodiamond film meets the consensus of maintaining 

the crucial diamond sp3 content, and at the same time have good surface smoothness.

However, diamond nanocrystallites are always embedded in a matrix of 

amorphous or diamond-like carbon. Depending on the conditions during a particular 

growth process, the nondiamond phases form a lesser or greater fraction of the film 

volume. Seminal work by Gruen [7], as reported in 1994, has proposed the standard 

evaluation in grading the quality nanocrystalline diamond films, include

• absence of nondiamond phases (< 5%) (phase purity)

• specification of crystallite size ranges (3-15 nm, low - "ultrananocrystalline 

diamond"; 17-75 nm, medium; 75-375 nm, high) (crystal size)
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• maintenance of nanocrystallinity to thicknesses greater than 3 jum, preferably 

to at least 30 j^m (film thickness)

• random grain orientation to maximize ^--bonding across grain boundaries 

(orientation)

Since the large number of defects and grain boundaries are likely contributing to 

the surface electronic states, the nanodiamond may be considered as another important 

electrochemical material. The potential advantages of using nanodiamond films in 

electrochemistry [8], compared to the more common microcrystalline films, include

(a) the ability to deposit continuous films at nanometer thicknesses rather than 

micrometer thicknesses leading to time and cost savings,

(b) easier coating of irregular geometry substrates like fibers and high surface 

area meshes, and

(c) the different film morphology and characteristic electronic properties might 

lead to unique electrochemical and photoelectrochemical behavior.

In this report a novel approach for the formation of diamond films is introduced 

based on a microwave plasma deposition process employing only dihydrogen and methane 

as reactive gases in a helium atmosphere. Nanodiamond films with small grain sizes are 

grown on titanium substrates in this way, which display significant electrical conductivity 

due to the graphitic content and high concentration of grain boundaries in the material. 

These diamond film electrodes are mechanically strong (in abrasion test experiments) and 

to some extent resistant to anodic processes. The use of titanium as a substrate material is 

attractive for commercial applications. The nanodiamond electrodes are employed in 

stationary and rotating disc voltammetry experiments. A survey of important aqueous 

redox systems shows that these nanodiamond films display interesting and advantageous 

electrochemical properties in comparison to the more conventional boron-doped diamond 

materials.
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4.2 Experimental

Nanodiamonds were grown on Ti substrates (2 mm diameter, 12 mm height) on a Mo 

substrate holder in a MWPECVD (2.45 GHz) reactor with a 2 kW microwave generator 

(Penta Science & Technology Ltd). Samples were scratched with 0.1 jum diamond paste 

(1/10-KD-Cl Kemet) on carborundum paper (first with 600 graded and later 1000 graded) 

and agitated in ethanol under ultrasonic bath for 30 min. The samples were stood 

vertically and shielded from the intense plasma ball. Prior to the generation of microwave 

plasma, the samples were annealed up to 750 °C for 30 min. The growth was initiated 

with the simultaneous admittance of three gases, He (200 cm3 min' 1 ), H2 (4 cm3 min"1 ) and
-3 i __

CHU (1.5 cm min" ), at a total pressure of 80 Torr and a substrate temperature of 600 °C. 

The input (forwarded) microwave power was 400 W, with the reflected power less than 5 

%. The growth period was typically 4 hours and nanodiamonds are approximately 2 j^m 

in thickness. The freshly grown diamond will later be cooled in a flow of He gas.

The as-grown films were characterized by using Raman spectroscopy (Dilor 

Labram spectrometer fitted with a Ar 20 mW laser (514.2 nm)), scanning electron 

microscopy (SEM Cambridge Stereoscan 360 system) and atomic force microscopy (AFM 

Digital Instruments Multimode Scanning Probe Microscope). The field electron emission 

characteristics of the fabricated diamond films is measured with a spherical stainless steel 

anode of 2 mm diameter in a vacuum chamber of a pressure of 10"6 Torr. The anode- 

cathode (diamond film) spacing was kept at 75 jum.

Reagents as KC1, HNO3 , H2SO4, Ru(NH3)6Cl3 (Aldrich), K4Fe(CN)6, K2PO4 and 

KH2PO4, CuSO4.5H2O, L-ascorbic acid (BDH), hydroquinone and NADH (Agros) were 

obtained commercially and used without further purification. HAuCl4.3H2O (Aldrich) 

was dissolved in dilute aqua regia solution (0.1 M HC1, 0.3 M HNO3 ). Horse heart 

cytochrome c (type VI, Sigma, molecular weight 12384 gmol" 1 ) was purified by size 

eclusion chromatography (prepacked Sephadex G-25 M columns, Amersham Pharmacia
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Biotech AB, Uppsala, Sweden). Aqueous electrolyte solutions contained 0.1 M phosphate 

buffer (pH 7) or 0.1 M KC1. Cu foil (99.99 % purity, Goodfellow) was used as the 

abraded target material for abrasive stripping voltammetry (AbSV).

Demineralised and filtered water was taken from an Elgastat water purification 

system (Elga, High Wycombe, Bucks) with a resistivity of not less than 18 MQ-cm. For 

voltammetric studies an Autolab PGSTAT 30 potentiostat system (EcoChemie, 

Netherlands) was employed with a Pt wire counter electrode and a saturated Calomel 

(SCE) reference electrode (Radiometer, Copenhagen). Nanodiamond working electrodes 

(2 mm diameter, on titanium) were mounted in Torr Seal™ (Varian) with a silver epoxy 

back contact. For experiments with polycrystalline boron-doped diamond, 2 mm diameter 

electrodes deposited using HFACVD on tungsten were employed. Experiments were 

conducted after de-aerating with high purity argon (BOC) for at least 15 min. The 

temperature for voltammetric experiments was 22 ± 2 °C.

4.3 Characterization

Nanodiamond films were characterized by scanning electron microscopy, atomic force 

microscopy, Raman spectroscopy and field emission measurement. Nanodiamond 

deposits are formed on titanium substrates in a microwave plasma process in 

approximately 2 |um thickness. Figure 2 (a) and (b) shows the scanning electron 

micrographs (SEM) of the nanodiamond films deposited on well scratched (with diamond 

paste) Ti substrates placed on the Mo holder. The diamond films revealed in figure (a) 

consist of small and fine structures unresolved by SEM, grown on different stages of 

diamond plates. An assembly of thin crystal platelets with sharp edges in about micron 

size can be observed. Larger topographic features on the nanodiamond electrode surface 

(see figure 2b) are due to scratch lines and reflect the underlying titanium substrate.
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Figure 2. SEM images of a nanodiamond film deposit on a titanium substrate in low and high 
magnification, grown on Mo substrate holder (He/CH4) ... cont. ...

In contrast, microcrystalline diamond exhibits well faceted morphology (see SEMs 

in figure 16a-c, Chapter 2), comprising almost exclusively diamond crystallites with 

smooth crystalline facets and smaller grain boundaries. SEM 2c shows the image of 

diamond grown on scratched (without diamond paste) Ti substrate, revealing the 

"cauliflower" clusters with diameter ranging ~ 1 - 5 um. SEM 2d is the image of 

nanodiamond grown on silicon substrate upon a graphite substrate holder (refer to Section 

2.15.3, Chapter 2), showing the meso to nano-scaled surface morphology with average

grain size about 400 nm (is denoted as NCD 2).
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(c) (d)

cow/... ./fgwre 2 fc) SEM image of a diamond film deposit on scratched titanium substrate -without 
diamond paste and (d) SEM image of a nanodiamond/Silicon (NCD 2) deposited on graphite 
substrate holder (H2/CH4)

The surface roughness of nanodiamond/Ti was further measured by AFM images 

(air, contact mode) (as shown in figure 3). The image reveals the nano-scaled crystalline
/^

structures of diamond over 100 x 100 nm area with the size distribution of averagely 20 - 

70 nm. The nominal feature size is about 100 nm in diameter with a height of 50 nm. The
/*

roughness over the area of 5 x 5 (am as measured under roughness analysis is 103.48 nm 

(RMS). The images show continuous coverage of film grown over the entire Ti substrate.

Figure 3. AFM of nanodiamond/Ti (Mo substrate holder, He/CH4), over (a) 5 x 5 fjm2 area, and 
(b) 100x100 nm2 area
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Fzgwre 4. Raman spectra of (a) nanodiamond/Ti, (b) diamond-like carbon, (c) amorphous carbon, 
(d) nanotube, (e) glassy carbon, and (f) CVD diamond; with the extended Raman region on the 
right (i = nanotube, ii — nanodiamond, Hi = Ti substrate)

The Raman spectra of as-deposited nanodiamond film shown in figure 4 (a) 

exhibits three main features, as compared to CVD diamond and other carbon materials, 

(a) A broad Raman band centered approximately at 1335 cm"1 , which is the characteristic 

vibrational mode of crystalline diamond. Broadening of the diamond band is generally 

attributed to a decrease in the grain size to a nanometer-scale, and also to an increasing 

concentration of a variety of growth defects, including point defects, twins, internal
-i

stresses and sp2 admixtures [9]. (b) The Raman bands in the region of 1450 - 1560 cm 

are associated with rc-bonded carbon at grain boundaries in the nanodiamond film [7]. 

And (c) a Raman band at approximately 1140 cm"1 has been attributed to nanodiamond, or 

to disorder in a tetrahedral (sp3) carbon network [7]. However, the peak was examined 

critically [10], suggesting that the peak should be assigned to transpolyacetylene segments 

of 5/?2-bonded configurations at grain boundaries and surfaces. In principle, the sp3 bonds 

(diamond) should be excited more strongly with increasing the excitation energy, but they 

found the peak at 1140 cm" 1 decreased in intensity and its peak wave number dispersed by

-i
50-100 cm"1 , which act similarly to the peak near 1450 cm" 1 (the tail of the G peak). This
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/^

suggests that the peaks are most likely sp sites, which can more easily be excited by 

visible light due to their small band gap.

Raman spectra for diamond-like carbon (figure 4b) and amorphous carbon (4c) 

differ particularly in the absence of the main diamond 1330 cm" 1 signal (4a,f). Nanotube 

and glassy carbon differ from nanodiamond with the presence of 1347 cm" 1 (D line) and 

their intense second-order peaks at 2700 cm"1 (shown on the right, figure 4), by which 

both peaks are attributed to the defects in the curved graphene sheets and disordered sp2 

carbons [11,12,13]. The existence of G band peaks at 1580 cm" 1 (4b-e) is due to the 

different degrees of developed graphitisation in size effect [14,15].

Figure 5 shows the characteristic emission current versus the applied field for the 

nanodiamond/titanium (with He/CH* in this Chapter), as compared to films grown with 

H2/CH4 (see section 2.15.3 of Chapter 2) on graphite substrate holder (producing 

nanodiamond/silicon, denoted previously as NCD 2) and molybdenum substrate holder 

(producing microcrystalline diamond). Both of the nanodiamond films were shown to 

present better field emission properties with good reproducibility than microcrystalline 

diamond films. The threshold (turn-on) electrical fields for nanodiamonds (figure 5i) are 

only about 5 V/]um (nanodiamond/titanium) and 7 V/jum (NCD 2), which are smaller than 

that of the microcrystalline diamond films (18 V/ |um). The well-fitted Fowler-Nordheim 

plots (5ii) of the films indicate that the field emission property can be explained by 

tunnelling mechanism. The maximum current carrying abilities for nanodiamond/titanium 

is 10 mA/cm2 and the time ageing test (5iii) shows the reduction of 15 % for an hour 

measurements. It is therefore confirmed that our nanodiamond comprises small-grained 

film, which exhibits a low emission threshold with high in stability and emission.

Three crucial elements in improving the field emission properties of nanodiamond 

films are the small grain size, a high density of grain boundaries and the graphite content 

in the film. In contrasts to large grain size of microscopic diamond, electrons can
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effectively tunnel through the nearby tiny diamond edges and can be emitted from a larger 

surface area of small grain size for nanodiamond. This will lead to the larger field 

enhancement geometry factor and facilitate electrons to escape easily into vacuum, thus 

the emission site density would be increased greatly [16].
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Figure 5. (i) J-E curve and (ii) Fowler-Nordheim plot of (a) nanodiamond/Ti (Mo substrate 
holder, He/CH4), (b) nanodiamond/Si, NCD 2 (graphite substrate holder, H^CH4) and (c) 
microdiamond/Si (Mo substrate holder, H^CH^), (Hi) long-time current stability of 
nanodiamond/Ti at an applied field strength of 10 V/fjm
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The large amount of grain boundaries can enhance the film conductivity, thus 

favouring the electron emission. Moreover, the high-density crystalline defects 

concentrated in the grain boundaries are believed to induce the defect states or sub-bands 

within the band gap [17]. This forms the conducting medium of the interface structure for 

grain boundary-diamond-vacuum [18], which will reduce the energy barrier thus eases the 

electrons tunnelling. The emission could also be due to the diamond/graphite interface. 

The optimal graphite content should crucially be just enough to fill the gaps between the 

densely agglomerated diamond grains [19]. Any decrease of graphite content would 

decrease the interface area and the field emission will drop. Insufficient content of 

graphite could further eliminate the conducting channels, and thus the emission properties 

will rapidly be degraded.

4.4 Results and Discussion 

4.4.1 Growth

Under the optimal growth condition for nanodiamond on a well-scratched substrate with 

diamond powders/pastes, the enlargement of individual diamond crystallites is strongly 

confined by the frequent generation of the secondary nuclei, particularly the €2 dimer, as 

the etching role played by hydrogen is removed. The diamond-paste scratches will act as 

the nucleation sites to promote the subsequent diamond growth. Unlike CHs, €2 dimer 

growth surface is rich of vacant sites and dangling carbon bonds. This will enhance the 

second and higher order nucleation, resulting in the increase of the total number of the 

diamond crystallites rather than the increase in grain sizes, and this therefore leads to the 

formation of nanodiamond films (see SEM, figure 2a,b).

In the case of scratched substrates without the presence of diamond particles 

(SEM, figure 2c), the scratches formed play the crucial role in nucleation sequence, but 

the procedure is less efficient than the effect of scratching with diamond powder/paste.
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This treatment in turn tends to produce ball-shaped diamond crystallites with larger spatial 

space to ensure that each cluster has the lowest surface energy, and under such conditions, 

the non-diamond properties matter is preferentially formed due to the lack of effective 

nucleation sites. The carbon clusters were made of either tiny diamond crystallites or 

DLC [20]. For NCD 2, the SEM (figure 2d) and Raman shown in section 2.15.3 (Figure 

17 of Chapter 2) indicate that the behaviour of diamond precursors would be influenced 

by the substrate holder materials and the deposits on the chamber wall, even if the external 

parameters for diamond growth (process gases, substrate temperature, input power, bias, 

and so on) were unchanged. Secondary products such as C2 and CHn radicals from the 

graphite surface (substrate holder) possibly influence on the diamond growth. However, 

the Ci Swan band was not observed under our optical emission measurement within the 

visible wavelength range [21], thus detailed investigation using spectroscopic technique is 

essential to make clear the influences of radical/surface interactions on the diamond 

growth.

Ti rods have been chosen as substrates for this project, due to its low price 

coupled with its properties of stability, inertness and adherence [22]. Titanium based 

materials have been widely utilized into aerospace, electrochemical and biomedical 

application due to their low density, high mechanical strength and good wet corrosion 

resistance [23]. However, the materials show low resistance against wear, fretting fatigue 

and erosion. Provided with a well-adhered diamond film coating, Ti based materials 

would prevent these damages. These factors would make Ti as an alternative coating 

material to improve the industrial and technological feasibility besides the widely used 

materials, such as Si [24], W [25], Mo [26] or more recently Zr, Ta and Nb [27].

Ti-based systems reveal a multi-layer structure. With the original very thin TiO2- 

film on Ti, the layer is expected to be substituted by a titanium carbide (TiC) interlayer of 

rhambrabaevite during diamond growth, forming a strong interfacial bonding between
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diamond and Ti substrate [22]. Titanium is also sensitive to temperature and light 

elements, especially hydrogen. Prior to the generation of microwave plasma, the 

annealing of Ti substrates at 750 °C is crucial in order to transform the initial large P- 

titanium grain boundaries (~ 300 |u,m) on the surface to acicular primary a-titanium grains 

with a fine eutectoid mixture of secondary a-titanium grains. This step is performed to 

reduce the thermal expansion mismatch between diamond and titanium, which would 

create high residual stresses in the diamond coatings and is very detrimental to their 

adhesion [28]. The growth of nanodiamond was initiated with the plasma of all gaseous 

reactants (rather than just hydrogen) in order to avoid the formation of titanium hydrides, 

which can cause severe embrittlement of titanium-based materials at high temperature.

Therefore, the coating of nanodiamond on Ti, modified within carefully tuned 

parameters leads to pronounced changes and coarsening in the grain structure, which will 

in turn induce better quality of diamond growth.

4.4.2 Solvent Window and Stability in Aqueous Media

Initially, the electrochemical characteristics of nanodiamond electrodes that immersed in 

aqueous electrolyte solution without redox-active reagents were explored.

Figure 6 shows the first and second cycle of cyclic voltammograms obtained with 

'as grown' nanodiamond electrodes. Voltammograms in figure 6a and b are recorded in 

0.1 M KC1. During the course of the first potential cycle, a pronounced oxidation 

response at approximately 1.1 V vs SCE is detected. This oxidation response is tentatively 

attributed to graphitic (sp2) and pristine non-diamond material present on the diamond 

surface after synthesis. In the second and following potential cycles this response is not 

detected. The solvent window for the nanodiamond electrode is similar to that observed 

for a glassy carbon electrode, spanning ca. 2.3 V, and is smaller compared to the solvent 

window at boron-doped diamond electrodes, spanning ca. 3.5 V [8].
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When immersed in aqueous 1.0 M H2SO4 (see figure 6c and d) the potential 

window becomes limited at negative potentials by the earlier onset of the hydrogen 

evolution process. However, the positive potential window is expanded accordingly and a 

range from ca. - 0.8 to + 1.7 V is accessible. The anodic response during the first 

potential cycle is detected at £p = 0.8 V vs SCE. During the second and following 

potential cycles this peak is absent. Analogous results were obtained in other aqueous 

media such as phosphate buffer solution at pH 2.

The slightly higher background current in aqueous KC1 and H2SO4 for 

nanodiamond film (-5-10 j^A) as compared to the generally background current of 1 juA 

for boron-doped diamond [5] is likely due to the increased amount of grain boundary 

carbon. The increased density of states (DOS) most likely results from the grain boundary 

carbon, which can lead to a larger surface charge density and a larger capacitive 

background current.

1.5 0,0

(A)

(B)
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Figure 6. CVs (scan rate 20 
mVs'^for 'as-grown' 
nanodiamond immersed in (A = 
1st scan, B= 2nd scan) aqueous 
0.1 MKCl and (C= 1st scan, 
D=2nd scan) aqueous 1M 
H2SO4
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After cycling the potential for 10 cycles between 0 and 3 V vs SCE the electrode 

remains active (see figure 7c). However, the capacitive background current is considerably 

enhanced. Cycling the potential for 10 cycles between 0 and 5 V vs SCE shows the 

similar CV feature to Ti (a), probably due to the passivation by TiO2 formation. It is 

believed that at highly applied anodic potentials, the generated O2 etches away sp2 at grain 

boundaries and creates holes tunnelling through the diamond layer. This would lead to the 

interaction of O2 with the substrate and subsequent passivation is expected.
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O.OE+00

-6.0E-03
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Figure 7. CVs (scan rate 20 
mVs'1) obtained for 
(a) Ti substrate, (b) 'as- 
grown ' nanodiamond/Ti, (c) 
nanodiamond/Ti after 10 
scans to + 3Vvs SCE, (d) 
nanodiamond/Ti after 10 
scans to + 5 V vs SCE. All of 
the electrodes were immersed 
in aqueous 1MH2SO4

The specific capacitance of electrochemical double capacitive layer is usually 

linked to the physical area, the pore size, the chemical changes at the interface, the 

electrolyte properties and the changes of internal density of states (DOS) [28]. For an 

ideal double-layer capacitor where the time constant is zero, the CVs are characterized by 

a perfectly rectangular-shaped profile [29]. Though electrochemical impedance 

measurements are usually employed to determine the capacitance of the diamond|aqueous 

electrolyte interface, a simple but crude capacitance test can be carried out by applying

high potential scan rates, and the calculation is based on equation 1

A/'/v = A//{(dF/dr) x electrode area) 

where Ay = current density, v = dF/dt = potential scan rate.

(eqn 1)
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Figure 8. Capacitive density (figure left) calculated from AI/{(dV/dt) x electrode area} from CVs 
in 0.1 M KCl for (a) nanodiamond/Ti, (b) glassy carbon, (c) boron-doped diamond, (d) Ti 
substrate, and (e) surface conductive diamond. Figure on the right shows the CVs of 
nanodiamond/Ti at the potential scan rates ofl and 4 Vs-i

As shown in figure 8, nanodiamond/Ti shows very high capacitive density of 600
f\ _ f\ _

fiF/cm (as compared to 30 |uF/cm for Ti substrate) within the solvent window from - 0.5 

to 1.0 V vs SCE and an appreciably rectangular-shaped profile is observed in CV. The 

high interfacial capacitance could be attributed to (i) the high surface area of nanodiamond 

(ii) the defective DOS contents exposed to the solution phase, which allows more charges 

to be stored within the double layer and allows the layer structure to change upon applied 

potential. Glassy carbon material shows reasonably good capacitive behaviour of 200 

juF/cm2 owing to the high surface area derived from its open-pore structure of reticulated 

vitreous carbon in cross-linked graphite-like sheets [30]. Boron-doped diamond and 

undoped surface conductive diamond shows comparatively low capacitive density, which 

can be attributed to the low surface area, well faceted morphology and small amount of 

grain boundaries.
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4.4.3 Electrochemical Characterization 

4.4.3.1 The Reduction of Ru(NH3)63+

O.OE+00
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Chapter 4

y=-1.77E-06x 
R2 =1.00E+00

0.6

Figure 9. CV (scan rate 20 mVs'1) of reduction of 1 mM Ru(NH3)63+ in 0.1 M KCl at different 
rotation speed at nanodiamond; -with inset showing the Levichplot of limiting current, Him versus
a}'2

3+The electrochemical reduction of Ru(NH3)6 proceeds via one electron transfer according

to the reaction below (equation 2);

Ru(NH3)63+ (aq)+ e o Ru(NH3)62+ (aq)

3+

(eqn 2)

Figure 9 shows the CV of reduction of 1 mM Ru(NH3)6 at a potential scan rate of 20 

mVs" 1 at 0 rpm and is compared to a series of limiting current responses as a function of 

rotation speed. Under rotating disc voltammetry conditions, the shape of the 

voltammogram becomes sigmoidal and the mass transport controlled limiting current 

increases consistent with the Levich equation (equation 54, Chapter 2) [31], with

lZ)Ru(NH3)63+ (9.1 x 10" 10 mY1), vkinematic (1.0 x lO^6 mVl). The zero-intercept (r2 = 1) 

indicates the perfect diffusion-controlled process on nanodiamond. At high scan rates and 

at high concentration of Ru(NH3 )63+ under stationary CVs, the cathodic current response 

remained well behaved, but the response on the reverse scan became asymmetric (data not 

shown). This electrochemical behaviour could be attributed to the surface oxidized layers

or even the finite electron transfer kinetics.
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Figure 10. The response of reduction peak current, //?red ofnanodiamond to Ru(NH3)63+ in 0.1 M KCl at (a) different concentration and (b) square root of scan rates (a = 2 mM, b = 5 mM, c = 8 
mM, d= 10 mM)

Figure 10 shows the current response for Ru(NH3)63+ to different concentration (10 

a) and vs square root of scan rate (10 b). The 7pred values varied linearly with v172 at 

various concentrations, range from 2 mM to 10 mM with linear regression yielding near- 

zero intercept and an r2 value of 0.982. The If* values also varied linearly with the 

concentration from 2 mM to 10 mM with a near-zero intercept and an r2 value of 0.990. 

Voltammetric data are summarized in Table 1. The calculated values for k° are around 10' 

3 cms" 1 , ranging from 1.6 to 5.1 x 10"3 , indicative of a quasi-reversible response. Within 

our experimental parameters, the averaged value for bJLp is 129 mV and /pox//pr ratio is
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of 1.70. The values are in good agreement with the reported results of Swain [8]. The rate
_ _ ^ iof electron transfer for Ru(NH3)6 is relatively insensitive to the surface microstructure,

/%
surface oxides, and adsorbed monolayers on sp carbon electrodes [32]. However, the 

density of electronic states near the formal potential of the redox system and the fraction 

of edge plane exposed on grain boundaries are crucial factors affecting the rate of the 

reaction [33]. This would suggest that the quasi-reversible electron transfer kinetics in the 

electrochemical reduction system of Ru(NH3)63+ is strongly supported by the density of 

states and surface charge carrier concentration of nanodiamond.

3+ •

Cone. Scan rate 
(mM) (Vs"1 )

2 0.02
0.06

0.1

0.2

5 0.02

0.06

0.1

0.2

10 0.02

0.06

0.1

0.2

E\/2

(vs. SCE)
-0.18

-0.18

-0.18

-0.18

-0.18

-0.19

-0.19

-0.19

-0.19

-0.20

-0.20

-0.20

(mV)
107.4

108.0

109.9

125.3

112.1

127.1

131.8

153.8

122.0

133.2

139.1

188.4

Ip-red

-9.37

-15.1

-18.9

-34.6

-17.7

-28.3

-34.6

-47.8

-41.6

-66.5

-84.6

-97.7

Ip-red/ 
Ip-ox

1.97

1.56

1.56

1.71

1.88

1.62

1.62

1.51

2.10

1.81

1.78

1.60

(Khans'1)
0.22

0.40

0.51

0.49

0.20

0.29

0.29

0.33

0.16

0.22

0.27

0.22

For a concentration of 2 mM Ru(NH3 )63+ at potential scan rate 0.1 Vs" 1 , the calculated area 

is 3.7 ± 0.2 mm2, for 5 mM 2.7 ± 0.2 mm2, and for 10 mM the area is 3.3 ± 0.2 mm2 . This 

shows that the electrochemical active area (calculated) is consistent with the geometrical
•^

area of 2 mm nanodiamond electrodes (3.1 ± 0.2 mm ).
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4.4.3.2 The Oxidation of Fe(CN)<;4-

The interfacial kinetics for the electron transfer for the oxidation of Fe(CN)64" in aqueous 

media is sensitive to the state of carbon surfaces and has been employed extensively to 

characterize diamond electrodes. The electrochemical oxidation of Fe(CN)64 " proceeds via

one-electron transfer as in equation 3

4-Fe(CN)6 (aq) <-> Fe(CN)63 ' (aq) + e (eqn 3)

(a)

(b)
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1.0E-05

5.0E-06

O.OE+00
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y = 3.616E-06X 
R2 = 9.987E-01

01 23 456789 10 11 12 

Concentration/ mM

Figure 11. (a) The CVs of nanodiamond in response to Fe(CN) 64' in 0.1 M KCl at different 
concentration; and (b) the correlation plot of oxidation peak current, 7/>ox of nanodiamond to 
Fe(CN)64' at concentrations of 2 mM, 5 mM, 8 mMand 10 mM
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Figure 12. (a) The CVs ofnanodiamond in 5 mMFe(CN)64' in 0.1 MKCl at different scan rates, ranging from 0.02 to 0.30 Vs'1 and (b) Ipox responses to square root of scan rates at different 
concentration (a = 2mM, 6=5 mM, c = 8mM, d = 10mM)

The quasireversible current response of nanodiamond to Fe(CN)64" at different 

concentration and scan rates are shown in figure 11 and figure 12 respectively. Well- 

defined voltammetric responses are detected, indicating that the nanodiamond surface is 

very active. Similar observations have been reported for 'as grown' boron-doped diamond 

electrodes with sufficiently high boron doping level [34,35]. Three possible reasons for 

this observation are (i) the high surface area ofnanodiamond, (ii) many electrochemically 

active sites e.g. at edges of the nanodiamond deposit and (iii) sp2 content along grain 

boundaries. Voltammetric data are summarized in Table 2, by employing diffusion 

coefficient of ferrocyanide, DE^atf (6.3 x lO'10 mY1 ). Experiments with concentrations
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of 2 mM, 5 mM, and 10 mM Fe(CN)64' gave essentially the same results indicating that 

indeed the electron transfer kinetics are probed. The standard rate constant for electron 

transfer for the ferrocyanide oxidation process can be determined from the peak-to-peak 

separation [36] as approximately k° = 1.5 ± 0.5 x 10"3 cm s" 1 . In contrast to Ru(NH3)63+/2+ 

system, the kinetics for Fe(CN)64~/3~ is very sensitive to the surface carbon-oxygen 

functionalities. The high content of nano-scaled edge plane surfaces could contribute to 

the increased of A£p values significantly for this redox analyte, as compared to the 

microcrystalline diamond with AEp ~ 65 mV [8]. 

Table 2. Data obtained from CVfor the oxidation ofFe(CN)64' in 0.1 MKCl_________
Cone. 
(mM)

2

5

10

Scan rate
(Vs-1 )

0.02

0.06

0.1

0.2

0.02

0.06

0.1

0.2

0.02

0.06

0.1

0.2

Em 
(vs. SCE)

0.18

0.18

0.18

0.18

0.18

0.18

0.18

0.19

0.18

0.18

0.18

0.19

(mV)
129.4

148.9

146.4

188.0

134.3

148.9

163.6

195.6

131.9

144.1

188.0

202.7

Ip-ox 

(MA)
3.74

6.56

8.18

10.4

9.03

15.1

18.4

23.6

15.9

27.2

29.0

42.2

Ip-red/ 
Ip-ox

1.24

1.10

1.14

1.11

1.28

1.16

1.20

1.11

1.22

1.18

1.22

1.12

k°

0.11

0.16

0.21

0.19

0.11

0.16

0.18

0.17

0.11

0.17

0.13

0.15

At potential scan rate at 0.1 Vs"1 , the concentration of 2 mM yielded the calculated area of 

1.9 ± 0.2 mm2, for 5 mM is 1.7 ± 0.2 mm2 and for 10 mM is 1.4 ± 0.2 mm2 . These values 

are around 50 % less than the geometrical area of the electrode (assumed to be flat and 

circular) of 3.1 mm2, which implies it is likely that the entire surface may not be active for 

electron transfer, due to some oxygen functionalities as the electrode was previously used 

for a series of experiments in Section 4.4.2 and 4.4.3.1.
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4.4.4 The Redox System of Organic Compounds

Electron transfer reactions between electrodes and organic redox systems dissolved in 

aqueous media have been studied extensively often with the aim of selective analytical 

detection. Here, the electrochemical characteristics at nanodiamond electrodes are 

surveyed for a range of important organic redox systems dissolved in aqueous media. It is 

demonstrated that 'as grown' nanodiamond electrodes are highly reactive for many redox 

processes.

4.4.4.1 Ascorbic Acid

Ascorbic acid/ascorbate is a vital component in the diet of humans. Humans lacking the 

active enzyme of L-gulonolactone oxidase in their livers (which is involved in the 

mammalian conversion of blood glucose to ascorbic acid) results in the mammalian 

genetic liver-enzyme disease (a true "inborn error of carbohydrate metabolism") called 

Hypoascorbemia. Ascorbic acid is a simple glucose-related carbohydrate material. The 

presence of the ene-diol group in the molecule confers electron lability, which makes it an 

electroactive species in redox system. The redox system for ascorbic acid is an 

irreversible electrooxidation process and is of an EC type (equation 4), by which the 

electrochemical oxidation involves a 2 electron 2 proton pathway (a Electrochemical 

process), followed by its subsequent reaction with water and cyclization (a Chemical 

process) to yield electrochemically inactive dehydroascorbic acid.

HO

H O

-H2O
-2e', -2 H+

OH +2e~, +2 H* 
+H20

Ascorbic acid Dehydroascorbic acid (eqn 4) 

A selective amperometric determination of ascorbic acid has been a major target of

electroanalytical research. The compound is considered to be very difficult to detect
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electrochemically by direct oxidation on a conventional electrode due to its large 

overpotential and fouling by the oxidation products. Several studies have addressed the 

interaction between boron-doped diamond electrodes and ascorbic acid. The potential for 

oxidation process is indicative for the state of the diamond electrode surface [37,38].

1.4E-04

= 1.35E-05x 
R2 = 9.92E-01

0 3 6 9 12

Concentration/ mM

o 0.2 0.4 0.6 0.8 1
E/V vs SCE

Figure 13. CVs (scan rate 0.1 Vs'1) of the nanodiamond in the absence (a) and in the presence of 
ascorbic acid (b = 0.50 mM, c = 0.89 mM, d = 1.66 mM, e = 2.74 mM, f= 3.10 mM, g = 4.13 
mM, h= 5.67 mM, i = 6.82 mM, j = 8.68 mM, k = 9.23 mM) in 0.1 MKCl; with inset showing the 
correlation plot of oxidation peak current, lpoyi versus different concentration

Figure 13 shows the CV response of nanodiamond to the absence and the presence 

of ascorbic acid, in the concentration range of 0.5 - 9 mM. The well-defined anodic peak 

current is observed to increase with the increasing ascorbic acid concentration in the 

solution. The inset of figure shows that the anodic peak current is linearly dependent on 

the concentration of ascorbic acid, with a correlation coefficient of 0.992. The anodic 

peak at low concentration has shifted approximately 100 mV to positive potential at higher 

concentration and was later fixed at potential of 0.37 V.

The diffusion coefficient for ascorbic acid can further be determined by using 

Randles-Sevcik equation, yielding a value of 3.47 x 10"10 mV1 , well in agreement with

previous report [39], by employing n = 2 and lpox = 130 jaA for c0 = 9.23 mM (figure
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Figure 14. (a) CVs for the oxidation of ascorbic acid (2.0 mM) at nanodiamond as a function of 
different scan rates, with inset showing the correlation plot of oxidation peak current, Ipox versus 
square root of scan rate; and (b) the response to ascorbic acid (2.0 mM) of nanodiamond (i), 
compared to the boron-doped diamond (ii) at a potential scan rate ofO. 1 Vs'1

The CVs of nanodiamond at various scan rates in the presence of 2.0 mM is shown 

in figure 14, with inset showing the oxidation peak current, /pox varies linearly to the 

square root of scan rates, suggesting a well diffusion controlled process. The defined 

voltammetric signal for the oxidation is detected at £p,a = 0.36 V vs SCE and is shifted to 

positive potential at higher scan rates, which is attributed to the kinetic limitation in the 

reaction between the redox sites of the nanodiamond and ascorbic acid, as was also 

reported by Pournaghi-Azar [39]. The response is also compared to boron-doped diamond 

electrode in figure 14b, which shows an anodic peak at much higher positive potential.
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This would suggest that a higher overpotential is required for boron-doped diamond in 

order to oxidize ascorbic acid. However, for nanodiamond, a potential of approximately 

0.5 V less positive is needed to drive the oxidation reaction from ascorbic acid to 

dehydroascorbic acid, indicating a very fast electrooxidation process.

4.4.4.2 Hydroquinone

Hydroquinone can usually be used as a biomarker found in human urinary metabolites, 

who suffer from the exposure to quinone compounds, such as heavy smokers and the 

workers in shoe or ink industries [40]. The is made possible due to the indolequinone or 

benzo[a]pyrene quinone compounds can readily be reduced to the hydroquinone by 

NADH-quinone oxidoreductase in human bodies without the intermediacy of radical- 

anions [41]. The oxidation of hydroquinone, in aqueous media proceeds via a two- 

electron transfer with de-protonation steps coupled to the electron transfer. In neutral or 

acidic media, overall two protons are released per molecule hydroquinone (HQ) and 

benzoquinone (Q) (equation 5) following ECEC pathway.

OH n

-2e, -2 H+

o+2e', +2 H+
OH

Hydroquinone Benzoquinone (eqn 5)

Figure 15 shows the cyclic voltammetric behaviour of nanodiamond electrode in 

response to hydroquinone in 0.1 M KC1 at different concentration, ranges from 0 to 10 

mM. Two redox systems are detected with £"1/2 = - 0.12 and E\/2 = 0.35 V vs SCE. For 

redox system at higher potential, the currents that are corresponding to the oxidation (~ 

0.09 V vs SCE) and reduction (~ 0.53 V vs SCE) processes increased as the concentration 

of the electroactive species in the solution increased. At lower potential, two smaller
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peaks were observed at - 0.21 and - 0.06 V vs SCE, increasing at slow magnitude of 

current compared to the earlier mentioned peaks. A comparison with voltammograms 

obtained at glassy carbon electrodes (not shown) shows that a similar effect is observed 

and therefore this feature is not unique to nanodiamond electrodes, but typical for active 

electrode surface [42].
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6.0E-05
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Figure 15. CVs (scan rate 0.1 Vs'1) of nanodiamond in the absence (a) and in the presence of 
hydroquinone (b = 0.5 mM, c = 2.03 mM, d = 3.45 mM, e = 4.53 mM,f= 5.20 mM, g = 5.72 mM, 
h = 7.18 mM, i = 8.60 mM, j = 10.04 mM) in 0.1 MKCl; with inset showing the correlation plot of 
anodic peak current at 0.45 V, 7pox versus different concentration

The oxidation of HQ in 0.1 M KC1 at different scan rates was shown in figure 16. 

With increasing of scan rates and HQ concentration, the peak at 0.5 V vs SCE increases to 

much higher order of current magnitude. Reversing the scan direction between the two 

responses allows the smaller signals to be detected independently.

Interestingly, when the supporting electrolyte was changed from KC1 to phosphate 

buffer solution (PBS), the redox system at E\n = - 0.12 V became featureless (as shown in 

figure 17) and the peak separation of the redox system at E\n = 0.35 V vs SCE became 

much wider with the observed change from 250 mV to 480 mV.
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Figure 16. CVsfor oxidation of 0.5 mM (left) and 5.0 mM (right) hydroquinone in 0.1 MKCl at 
nanodiamond at different potential scan rates (i = 0.3 Vs'1, ii = 0.1 Vs'1, Hi = 0.02 Vs'1)

Therefore, the nanodiamond is sensitive to the drastic alteration of surface pH in 

an unbuffered solution, such as the case in KC1 solution compared to PBS. The pH 

changes by the partially deprotonated form of hydroquinone (QH") were expected to 

adsorb on the nano-structure surface, which would further generate the surface state 

oxidation through the catalyzed reaction, occurs particularly at low potential [43]. This 

behaviour has shown that redox kinetics of HQ/Q is more facile in the presence of 

hydrogen ions in KC1 rather than in the buffered solution of PBS. Jeftic and Manning [44] 

have proposed the possible mechanism for HQ/Q redox process; and this suggests that the 

prewaves are most likely resulted from the deprotonation of HQ at the electrode surface 

prior to the electron transfer (oxidation) of hydroquinone [45] via the intermediate 

pathway of CEEC (see equation 6). However, this behaviour of HQ is not detected 

separately at kinetically slow electrode surfaces, such as boron-doped diamond.

Q <e^> QH+

Major ECEC 
pathway

X

> QH*
+ 'r

V

' QHY

•^ —————————

<-^ QH
^_ /

e' N
\ J
t

<-> QH2

Alternative 
intermediate 
for CEEC 
pathway

(eqn 6) 
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Figure 17. CVofthe oxidation ofhydroquinone at nanodiamond electrode, (a) In the oxidation of 
1 mM hydroquinone in 0.1 M phosphate buffer solution at pH 7 is followed at a rotating disc 
electrode as a function of rotation speed (scan rate 20 mVs ); with inset showing the correlation 
plot of limiting current, Him versus square root of rotating speed, &}/2. (b) In the behaviour of 
nanodiamond (i) and boron-doped diamond (ii) for the oxidation of 10 mM hydroquinone (scan 
rate 100 mVs ) are compared in 0.1M phosphate buffer solution atpH 7

The hydrodynamic voltammetry has been used to extract precise quantitative 

information on the electrochemical kinetics. The oxidation of HQ as a function of rotation
f\speed is shown in figure 17 (a). The Levich plot shows linear correlation (r = 0.99) 

between limiting current, Him and square root of rotation rate, a>m. This would mean that 

the electrooxidation process for HQ at nanodiamond is purely diffusion-controlled 

electrochemical process. The peak separation for the boron-doped diamond (17 bii) is ~ 

1400 mV, similar to the redox system of HQ in HC1 [46], by which the value is
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significantly wider than the peak separation for nanodiamond. Ramesham [47] has 

suggested the electrochemical irreversiblity of boron-doped diamond can be improved by 

providing chemical treatments, by eliminating some surface impurities and by reducing 

the electrical resistivity (higher conductivity). Interestingly, those are the characteristic 

behaviours that can be found naturally on nanodiamond without requiring any surface pre- 

treatment.

The number of electrons, n being transferred can be calculated from the Levich

-10 2-1equation, yielding a value of 1.79 (~ 2 electrons) by employing DUQ = 5.90 x 10 m s 

[45,46], with reference to In™ =11.2 juA at a rotation speed of 215 rpm.

4.4.4.3 NADH

Due to its ubiquitous use as cofactor for over 300 enzymes, redox processes involving 

nicotinamide adenine dinucleotide (NAD*) are employed in the fine chemical industry 

using NAD+-dependent biocatalyst and in the development of dehydrogenase-based 

amperometric biosensor. Therefore, the NADH/NAD+ redox process is important for the 

biosensor applications, electrochemically driven enzyme reactions and for applications of

biocatalysis [47]. In redox process, the nicotinamide ring of NAD functions as the 

electron acceptor (equation 7).

NADH

-2e\ -H*
«•

+2e',

H

NAD+

Structure of NADH, the 
shadowed region shows 
the responsible electron 
transfer part

(eqn 7)

High overpotential for the NADH oxidation is always required at bare electrode

and different attempts have been approached to decrease the overpotential, such as by
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using mediators in homogeneous solution and by modifying the electrode surface. At 

boron-doped diamond electrodes, stable and reproducible voltammetric responses for the 

oxidation ofNADH were reported [48].

The CVs obtained for the oxidation of 1 mM NADH in 0.1 M PBS pH 7 is shown 

in figure 18. The electrooxidation for NADH is observed at 0.45 V vs SCE for low scan 

rate and the anodic peak is shifted to more positive potential region with the increasing of 

sweeping rate, due to some kinetic limitation. However, the linear plot of Ip against (scan
1 /*} *?

rate) is linear with r -0.97, indicates that the electron transfer is diffusion-controlled.
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Figure 18. CVs for the oxidation ofNADH (1.0 mM) in 0.1 M phosphate buffer solution at pH 7 
as a function of different scan rates, ranging from 0.02 Vs'1 to 0.4 Vs'1; with inset showing the 
correlation plot of oxidation peak current, Ip°K versus square root of scan rate

The rotated-disk voltammograms obtained for the electrooxidation of NADH is 

shown in figure 19 (a). The anodic limiting current (iHm) of the NADH oxidation
1/2increases with increasing of rotational speed (co) and the linearity of Iiim-o) was 

observed, indicating that the oxidation process is diffusion controlled. A direct 

comparison of the oxidation response for 1 mM NADH at a nanodiamond electrode and at 

a boron-doped diamond electrode is shown in figure 19 (b).
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Figure 19. CVofthe oxidation ofNADH at nanodiamond electrode, (a) In the oxidation ofl mM 
NADH in 0.1 M phosphate buffer solution at pH 7 is followed at a rotating disc electrode as a 
function of rotation speed (scan rate 10 mVs'1); with inset showing the correlation Levich plot of 
limiting current, llim versus square root of rotating speed, (b) In the behaviour of nanodiamond (i) 
and boron-doped diamond (ii) for the oxidation of 1 mM NADH (scan rate 20 mVs 1) are 
compared in 0.1M phosphate buffer solution atpH 7

The oxidation potential for NADH at boron-doped diamond is observed at 0.56 V, 

or at 0.60 V vs SCE as reported by Fujishima et al,, even though the concentration used 

was 20 times more diluted [49]. This shows again the nanodiamond is very reversible 

controlled material by which the required overpotential is lower than boron-doped
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diamond. The higher rate of electron transfer to the aqueous redox system may be 

attributed to the nanodiamond surface topography and the availability of active edge sites. 

Referring to the Levich equation, the theoretical value obtained for Iiim is 6.88 juA 

at a radian speed of 215 rpm with the reported diffusion coefficient, DNADH = 2.4 x 10~ 10 

mY1 [49]. Whereas, the experimental value of Iiim is relatively small ~ 3.73 jtiA, 

suggesting that only the limited active sites on nanodiamond are involved in the redox 

system, which might be due to the aggregation of NADH molecules - inducing small 

fouling effect on the surface.

4.4.4.4 Cytochrome c

The reduction of ferricytochrome c at nanodiamond was investigated. Cytochrome c is a 

water soluble hame protein, important in the biological respiratory chain, which function 

is to receive electrons from cytochrome c reductase and deliver them to cytochrome c 

oxidase. The structural unit responsible for the electron exchange is a haem c (see 

structure in figure 20) with a Fe2+/3+ redox center, involving

Fe3+ (Cyt c) + e -> Fe2+ (Cyt c) (eqn 8)

The redox center is embedded in a rigid 3.4 nm diameter shell with overall +9 molecular 

charge at pH 7 (for ferricytochrome c) and with a considerable dipole moment [50]. The 

electrostatic interaction between the positive end of cytochrome c and the substrate is 

crucial for the reaction with the negatively charged (biological) partner.

Figure 20 shows the CV obtained for the reduction of 0.1 mM cytochrome c in 

aqueous 0.1 M PBS buffer solution at pH 7. The first scan of the CV shows the fairly 

visible redox peaks at - 211 mV (cathodic peak potential) and - 119 mV (anodic peak 

potential), with \F.p = 92 mV and the peak current for the reduction is /p"*1 = 0.1 joA, as 

compared to /pred = 0.61 juA for a boron-doped diamond electrode [51]. By employing the 

reported diffusion coefficient for the cytochrome c molecules, D = 6.0 x 10" 11 mV 1 [52],
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redthe theoretically expected peak current for the reversible reduction is 7P =1.6 jjA. The 

experimental peak current for both type of diamonds remained smaller than the theoretical 

peak current, suggesting only parts of the electrode surface appear to be active. This 

would be attributed to the possibility of cytochrome c molecules to form aggregates that 

hinders the direct electron transfer process, which bring subsequent loss in sensitivity. 

Such occurrence was also reported at activated carbon electrode [53].
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Figure 20. CVs (scan rate 0.1 Vs'1) of 0.1 mM cytochrome c immersed in 0.1 Mphosphate buffer 
solution (pH 7); Structure ofhaem c (on the right) is responsible for the electron exchange

However, soon after the first complete scan, the redox system disappeared. This 

would suggest that the nanodiamond had suffered from the passivation by the massive 

organic molecules, which blocked the surface electroactive sites. The concentration of 

cytochrome c could be too high which increase the competition amongst themselves for 

the active sites; therefore, the molar fraction of cytochrome c undergoing electron transfer 

decreases. The further denaturated of the metalloprotein [54] will be deposited onto the 

active sites, causing the fouling to occur with a consequent total loss in signal.

Therefore, further investigation of surface manipulation on nanodiamond is 

required, such as a more favorable interaction can be induced between the positively 

charged cytochrome c with a polished diamond surface [52].
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4.4.4.5 Deactivation Test

Many of the carbon-based electrodes would suffer from the signal deactivation as a 

function of time due to the exposure to the laboratory atmosphere or working solution. 

The problem is more severe when biological sample solutions are used which cause 

serious fouling and organic passivation, and thus seriously requires further activation or 

reactivation of the electrode [54,55]. The reason for these could be attributed to high 

porosity, the presence of electroactive carbon-oxygen surface functional groups, and low 

degree of resistance to electrochemical and chemical oxidative attack.

Experiment was performed to measure the electrochemical stability of the used 

nanodiamond in response to electrooxidation of small organic molecules, after the 

electrodes were left for 2 weeks. Figure 21 (a) and (b) show the voltammetric responses 

for 'as-grown' and the used electrodes respectively to electrooxidation of ascorbic acid 

and hydroquinone. Reproducible results were obtained for both systems with the 

observation of small positive potential shifts (less than 50 mV). This suggests that the 

electrodes remains electrochemically stable to the oxidation of small organic compounds, 

without suffering from the organic contamination and adsorption onto the surface.

02 E/Vv°s4 SCE ° 6

(b)
Initial 

5x 10~5 A response

2 week 
later

-0.4 -0.2 0 0.2 0.4 0.6 0.8
E/V vs SCE

Figure 21. The comparison of CVs (scan rate 100 mVs'1) of nanodiamond for 'as-grown' 
electrode and the "used" electrode after 2 weeks; (a) 10 mM ascorbic acid in 0.1 MKCl and (b) 
10 mM hydroquinone in 0.1 MKCl
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4.4.5 Ce4+/3+ Redox System

It has been found difficult to observe the redox couple of Ce (equation 9) species due 

to its very high oxidation at positive potential. This would mean that a comparatively high 

overpotential of an electrode is required before the oxygen evolution region; otherwise 

severe interferences of the effect would damage the electrochemical signals. An extensive

study comparing the voltammetric characteristics for the Ce system on different types 

of electrodes was reported recently by Fujishima and coworkers [56]. Boron-doped 

diamond had shown good performance for this couple, because it has a very high 

overpotential for oxygen evolution but of such broad voltammetric responses detected, the 

electron transfer appears to be rate limiting in stagnant solution.

4+ 3+Ce (aq) + e' <-» Ce (aq) = 1.443 V vs SHE (eqn 9)
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Figure 22. CVs (scan rate 10 mVs'1) obtained at nanodiamond electrode for the Ce4+/+ system in 
aqueous 0.1 MH^O4. The concentration ofCe4+ was varied from 1 mM (a), 4 mM (b), 7 mM (c) 
to 10 mM (d); with the inset showing the correlation plot of anodic peaks, lap and cathodic peaks, 
Icp to the concentration ofCe,4+

4+A set of CVs at nanodiamond for various Ce concentrations in 0. 1 M

solution is shown in figure 22. The well-defined voltammetric responses of cathodic
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reduction peak and anodic oxidation peak were observed respectively at the potentials of 

1.15V and 1.25 V vs SCE with approximately 100 mV peak-to-peak separation, and both 

peaks increase linearly with the increasing of the Ce4+ concentrations. The small peak 

separation for Ce4+/3+ couple is due to the fast interfacial electron transfer kinetics that 

occurs on nanodiamond. The redox peaks are quite similar to the glassy carbon electrode 

with the observed Epc and Epa respectively at 1.05 V and 1.27 V vs SCE [57] in H2SO4 

medium. In contrast, both of the redox couples potential at boron-doped diamond are far 

wider, with the observed reduction peak at 0.76 V and oxidation peak at 1.62 V [56], 

which is attributed to the irreversibility feature of the electrode.

It is found that the Ipa is significantly higher than Ipc (inset of figure 22). T. 

Vijayabarathi et al. [57] reported the same behaviour under the investigation on glassy 

carbon electrode and attributed this phenomena to the effect of weak adsorption of anionic
_ O-J- iCe(III) complexes such as Ce(HSO4) and Ce(HSO4)2 (equation 10), along with the 

diffusion current component at the anodic scan direction.

HS(V HS(V
£———> [Ce(HSO4)]3+ <———> [Ce(HSO4)2] :

A Ae" e" 
v v

[Ce(HSO4)]2+ [Ce(HSO4)2]+ (eqn 10) 

Various scan rates of 1 mM Ce4+ reduction at nanodiamond were also performed in 

0.1 M H2 SO4 solution (not shown), (a) The proportional relationship of reduction peak 

current vs concentration and (b) the linear correlation of reduction peak current vs square 

root of scan rates show that the reduction of Ce4+ to Ce3+ can occur without the 

interference of oxygen evolution, indicating the diffusion controlled process.

These preliminary results show crudely that the nanodiamond is an alternative 

material for electrochemical analysis of species with highly positive redox potentials in 

aqueous solutions due to its lower required overpotential.
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4.4.6 The Deposition and Stripping of Metals

The electrochemical deposition of metal on semiconductor depends crucially on charge 

transfer between a conducting substrate and ions in solution. The charge transfer involved 

may occur via the conduction band, the valence band (hole injection), or in some cases, 

via surface states [58]. For nanodiamond, the electron density of the surface states is 

induced by sp2 species along the grain boundaries, which would greatly affect the 

properties of adhesion and texture of metal deposits.

The stripping efficiency, QstriPping is defined as the charge under the anodic 

stripping peak (Q+) divided by the charge under the cathodic deposition peak (Q-) for the 

metal deposition and stripping process on nanodiamond, as a function of metal 

concentration or potential scan rates.

4.4.6.1 Gold

Gold deposition on different types of carbon and metal electrodes has been studied for 

trace metal detection [59] and metal recovery [60] purposes. A recent study of the 

deposition and stripping of gold on boron-doped diamond electrodes [61] has shown that 

the state of the electrode surface has a considerable effect on the gold deposition and 

stripping process. In particular, on anodized boron-doped diamond electrodes gold 

appears to form very weakly adhering particles. A considerable loss of gold metal 

particles from the electrode surface into the solution phase occurs and the analytically 

important stripping process becomes inefficient in particular at low concentrations [61].

The gold deposition process in the presence of dilute aqua regia may be regarded 

as a one step multi electron process (equation 11), which has been shown to be sensitive to 

the type of electrode material employed [61].

AuCl4" (aq) + 3 e" -» Au° (s) + 4 Cl' (aq) E0 = 0.994 V vs SHE (eqn 11)
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Figure 23. CVs (scan rate 20 mVs'1) of three consecutive scans for the reduction and re-oxidation 
of 1.0 rnMAuC\4 in aqueous O.SMHNOs/0.1 MHCl

Figure 23 shows the first three consecutive CVs for the reduction of 1 mM AuCV 

onto a nanodiamond electrode immersed in dilute aqua regia. On the first scan to 

cathodic potential, the reduction of the gold complex has started at 0.55 V and the 

reduction peak was observed at 0.39 V vs SCE. The reduction continues on the reverse 

scanning on anodic potential until 0.7 V and a distinctive stripping peak was found at 1.01 

V vs SCE. In contrast, on boron-doped diamond electrodes deposition and stripping were 

detected at Ept0 = 0.32 V and EptfL = 1.13 V vs SCE, respectively [61]. The smaller gap 

between deposition and stripping peaks observed at nanodiamond electrodes indicates 

faster kinetics and more facile deposition and stripping on nanodiamond.

The subsequent second and third scans at nanodiamond have shown increases of 

reduction potential to 0.60 V and reduction occurs at higher negative current. Higher 

stripping currents were also observed for the two following scans. The behaviour was 

reported [61] as the consequence of gold deposition on pre-nucleated sites and 3-D growth 

nuclei was formed on stalking order, instead of forming gold layer.

The charge accumulated under anodic (Q+) and cathodic (Q-) for figure 23 are in 

good comparative ratio with stripping efficiency, Clipping ~ 1 (data not shown), which

suggests that a reversible and complete metal stripping process has taken place.
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Figure 24. SEM image ofnanodiamond, obtained after deposition of gold

SEM was carried out to investigate the morphology of gold deposits on 

nanodiamond. The scanning from 0.7 V to - 0.2 V vs SCE and was kept hold for a minute 

in 1 mM AuCLf solution will deposit gold on nanodiamond in relatively amount of 

quantities. Figure 24 shows the SEM of gold deposits under such condition and was 

confirmed by EDX. The deposit is formed predominantly at edge sites probably due to 

surface energy effects with the size of the gold particles in nanometer scale, ranging less 

than 100 nm. A few larger gold clusters ("gold flowers") were found in the diameter of 1 

um. In wide imaging scan (not shown), the gold deposit forms evenly over the 

nanodiamond surface. The uniform size distribution and the sub-micron distance between 

individual gold nuclei (which is much shorter than the diffusion length at this time scale) 

strongly supports the idea that nucleation of gold on nanodiamond is a facile process, 

which occurs with relatively low overpotential. The same procedure was repeated, but the 

CV was preceded to scan from 0.7 to 1.4 V and kept hold for another one minute in the 

same solution. The SEM (not shown) revealed no trace of gold on nanodiamond. This is 

in great agreement with the stripping efficiency of ~ 1, which concludes that the gold

deposits are completely stripped off upon anodic stripping potential.
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Figure 25. CVs of nanodiamond to 1 mMAudi in aqueous 0.3 M HNOj/0.1 M HCl, with scan 
rates varied from 0.02 to LOO Vs'1, with inset showing a plot of reduction peak current, Ipred vs 
(scan rate)172

Figure 25 shows the CV for the same system with the scan rates varied. The inset 

shows a linear relationship between 7pred and square root of scan rate, with R2 yielding a 

value of 0.994, implying diffusion-controlled process for electron transfer. Peak separation
-iincreases from 0.53 to around 0.75 V as the scan rate is increased up to 1.00 Vs" , 

suggesting the occurrence of some kinetic limitation. The stripping efficiency shows no 

significant dependency on the scan rate and remains at unity within experimental error.

The CVs of nanodiamond was performed over a wide range of AuCLf 

concentration, ranging from 10 juM up to 10 mM and the related data was shown as in 

figure 26. The peak separation remains constant as the concentration is increased, 

implying reversible electrode kinetics. The figure 26b confirms the approximately linear 

relationship between gold concentration and anodic stripping response. Deviations from 

linearity may likely be a consequence of kinetic effects, resulting from the fast scan rate.

As shown in figure 26c, the stripping efficiency of nanodiamond remains at unity 

within experimental error over the concentration range. This is contrary to the studies on 

boron-doped diamond, which have yielded the values of nearly 0.5 [61], suggesting either
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the effect of the incomplete stripping or the weak adhesion of gold particles or colloid on 

diamond. Such colloidal formation was reported on BDD electrodes, partly based on the 

absence of stripping peaks at concentrations below 40 juM. This behaviour was not 

observed with the nanodiamond electrodes, which showed a stripping peak at all 

concentrations used, including 10 ]uM.
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4.4.6.2 Copper

The deposition and stripping processes for copper on boron-doped diamond electrodes has 

been reported under some experimental conditions to lead to the formation of a copper sol 

rather than a copper metal deposit [62]. This striking observation was attributed to the 

weak adhesion of the copper metal deposit on diamond during the course of the 

electrochemical process. The overall process during copper deposition from aqueous

dilute sulfuric acid solution is given in equation 12.

2+Cu (aq) + 2 e' -» Cu (s) = 0.337 V vs SHE (eqn 12)

4.0E-04

2.0E-04 -I

O.OE+00

-2.0E-04
-0.6 -0.4 -0.2 0 0.2 

vs SCE
0.4 0.6

Figure 27. CVs (scan rate 0.1 Vs'1) of three consecutive scans for the reduction and re-oxidation 
of 7.5 mMCuSO4 in aqueous 0.1MH^O4

Figure 27 shows first three cycles for the deposition of copper from a solution of 

7.5 mM Cu2+ in aqueous 0.1 M H2SO4 onto a 2 mm diameter nanodiamond electrode. 

Similar to the characteristics observed for the gold deposition process, highly reversible 

deposition and stripping processes are observed at EptC = - 0.2 V vs SCE and £p,a = 0.1 V 

vs SCE, respectively. The following second and third scans have shown insignificant 

change from the start point of reduction potential, but reduction occurs at larger magnitude 

of current. The reductions were subsequently followed by higher stripping anodic currents

at the same oxidation potential as for the first scan.
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SEM was carried out to investigate the morphology of copper deposits on 

nanodiamond. The CV was scanned from 0 V to - 0.5 V and was kept hold for a minute
sy I

in 1 mM Cu solution. The nanodiamond was taken out, rinsed with pure water and let 

dried.

(a)

(b)

5.0 |Lim

Figure 28. SEM images of nanodiamond, obtained (a) after the deposition of copper, immersed in 
1 mM CuSO4 in aqueous 0.1 MH2SO4 and (b) after stripping of copper

SEM (figure 28) shows the formation of copper nanoparticles deposited randomly 

on the nanodiamond surface similar to those observed for gold. The size distribution of 

copper particles range from 100 to 500 nm. No copper cluster in micro-scaled was found. 

Another SEM was recorded for nanodiamond after being deposited as before and was later

scanned up to positive potential at 0.5 and was taken out immediately, and rinsed-dried.
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No copper particles at any forms were found (figure 28b) and the results were proved with 

non-existence of copper under EDX examination.

The voltammetric behaviours of Cu reduction and re-oxidation were enhanced 

under the hydrodynamic convection by rotating disc electrode. The Levich plot (inset of 

figure 29) shows the limiting currents increases linearly to square root of rotating radian 

speed. Stripping peaks were detected under such condition, which would prove that the 

deposition of reduced metallic copper, instead of colloidal copper has taken places on 

nanodiamond prior to the applied anodic potential. The results were also supported by 

sonovoltammograms (not shown) carried out for 0.1 mM and 1.0 mM of CuSO4 dissolved 

in 0.1 M H2SO4, which have clearly shown the stripping of copper peaks. Due to the 

increase in mass transport, both the limiting current during deposition and the stripping 

peak increase. The shape of the rotating disc voltammograms during deposition at more 

negative potentials is unusual (non steady state, see Figure 29) and is indicative of a 

mechanistic complication [63].
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Figure 29. The CVs (scan rate 20 mVs'1) responses of nanodiamond to 1 mM CuSO4 in 0.1 M 
H2SO4 at 0 rpm, followed by a series of rotating disc voltammograms with radian speed ranging 
from 45 to 440 rpm; with inset showing the Levich correlation plot of limiting current, Him versus 
square root of rotating speed, ct)1/2

111



Chapter 4

Voltammetric experiments were conducted with the response of nanodiamond to

,2+different concentration of Cu , ranges from 10 |LiM to 10 mM (see figure 30). Stripping 

response was detected from the concentration as low as 10 jiM. Linear dependency of

currents for both cathodic and anodic peak on the increasing concentration of Cu was 

observed (as shown in inset of figure 30), suggesting diffusion controlled electron transfer 

and reversible electrode kinetics. A plot of the calculated stripping efficiency (Qstripping) 

as a function of concentration for copper stripping was found independent of the
___ /* _[_

concentration of Cu (figure 30g), implying occurrence of facile, reversible and complete 

stripping process. This is in agreement with the previous result of gold in Section 4.4.6.1.
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Figure 30. The CVs (scan rate 0.1 Vs'1) response of nanodiamond to different concentration of 
CuS04 in 0.1MH2S04; (a) 500 juM, (b) 1000 fM, (c) 3000 pM, (d) 5000 iM, (e) 7500/M and (f) 
10000 fjM, with inset showing the peak currents of anodic oxidation, lap and cathodic reduction, 
Icp vs the concentration; (g) shows the correlation of stripping efficiency, Qstripping vs 
concentration, with inset showing the expanded area of concentration less than 1000 fjM
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4.4.7 Summary

The redox systems involving organic compounds and metal stopping-deposition processes 

may be attributed to the high electron density of states (DOS) on nanodiamond surface. 

Surface states that are distributed in energy throughout the bandgap will mediate electron 

exchange between the valence band of diamond and the redox system. The existence of 

the disordered carbon layer particularly as nanometer-sized crystallites along grain 

boundaries could disperse the band gap of crystalline diamond (5.5 eV) into a multiple 

DOS for a magnitude of 3.3 eV (as shown in figure 31) [64,65]. The decrease in inner 

spectra of conduction band (CB) could ease the electron transfer of surface states (SS) 

from oxidant species (Ox) to reduced species (Red). The surface states exchange holes 

with the valence band by multiple electron hopping through the captures (schematically 

shown figure 32i) or de-trapping (ii), and then is followed by transfer of electrons to the

solution (iii) (as shown in equation 13-15) [59].

SS° + e' (CB) -> SS"

SS' SS° + e' (CB)

+ Ox -> SS° + Red

(eqn 13) 

(eqn 14) 

(eqn 15)

where equation 13 and 14 represent the processes of filling and emptying the surface 

states respectively, and equation 15 is the process of electron transfer to the solution.

Band Density 
structure of states

5.5eV

Band Density 
structure of states

/ . Band Density
structure of states

Figure 31. Schematic illustration of magnitude of band gap and density of states for (a) 
crystalline diamond, (b) amorphous diamond, and (c) nanodiamond [66]
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4.4.8 Surface Modification 

4.4.8.1 Surface Treatments

The modification of surface functionalities was conducted as follows

a) hydrogenation of 'as-grown' diamond under a total pressure of 35 Torr, at a flow 

rate of 100 seem, with a forwarded power of 700 W, a surface platen of 600 °C for 10 min

b) electrochemical anodization in 0.1 M phosphate buffer solution of pH 2, with five 

continuous scans within the potential of 0 - 1.5 V vs SCE

c) electrochemical oxidation in 10 mM Ce4+ in the 0.1 M H2SO4 medium, with 10 

continuous scans within the potential of 0.6 - 1.5 V vs SCE

The microcrystalline diamond after hydrogenation would normally produce highly 

hydrogen-saturated surface with sp3 termination and the surface usually results in very 

small separation of peak potential (A£/?) in CV [35,66]. In contrast, nanodiamond relies 

on the sp2 7i-bonded carbon atoms in the grain boundaries to act as the charge carriers for 

electrical conductivity. Upon the hydrogenation, hydrogen chemisorbs at the sp -bonded 

carbon sites and would change the bonding to sp3 . The conductive pathway will therefore
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be destroyed and subsurface resistance increased. Similar occurrence has been reported 

earlier [33]. This is consistent with the electrochemical signal in response to the oxidation 

of 1 mM Fe(CN)64"/3 ", with (i) the increase of the AEp (from 114.8 mV to 249.2 mV), 

suggesting the sluggish kinetic process, and (ii) the decrease of oxidation peak current 

from 3.76 |iiA (as-grown, before treatment) to 2.66 juA after treatment (figure 33 b), 

suggesting the decrease of the electroactive sites. The anodic polarization in acidified 

phosphate buffer solution and Ce4+ (0.1 M H2SO4) shows the enhancement signals for 

both faradaic and background currents. The possible reason for this is the oxidized 

nanodiamond surface has become hydrophilic, and thus aqueous solution can penetrate 

into the small nano-structures with higher surface reactive sites (as calculated by using 

Randles-Sevcik equation). The somewhat increased ofAEp (166.4 mV for (c) and 180.7 

mV for (d)) shows that the loss of some reactive sp2 rc-bonded carbon sites, which in turn 

inhibits the heterogeneous electron transfer. Effects from the underlying titanium 

substrate seem to be insignificant. In a control experiment under identical conditions with 

just a 2 mm diameter titanium electrode, surface passivation due to oxidation was

detected.

(a)

4xl(T6 A
(b)

(c)

(d)

-0.3 0 0.3

EN vs SCE

0.6

Figure 33. CVs 
(scan rate 0.1 Vs'1) of 
different surface treated 
nanodiamond in response 
tolmMFe(CN) 64-in0.1 
MKCl; (a) as-grown 
nanodiamond,
(b) hydrogen-plasma 
treated,
(c) anodic polarization in 
0.1MPBS,and
(d) anodic polarization in 
Ce4+/3+ redox system
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4.4.8.2 Effect of Thermal Annealing

In order to explore the effect of thermal annealing on the properties of nanodiamond films 

on titanium substrates, a series of experiments with annealing treatments was conducted. 

Figure 34 shows the effect of the treatment on the stripping efficiency (a) and on the 

voltammetric responses (b) to 1 mM CuSO4 in 0.1 M H2SO4 solution. Nanodiamond was 

annealed in furnace (air medium) at specific temperature for 10 minutes, and was later 

cooled down to room temperature (RT). CV measurement will then be performed. The 

stripping efficiency (Qstripping) was used as an indicator for surface electrochemical 

activity, and has clearly shown the existence of two decaying ratio regions, ranging from 

the RT (Qstripping at a ratio of 1.0) to 450 °C (0.60), and the other region ranges above 450 

°C with stripping efficiency decreased drastically to 0.18.

Annealing at lower temperature than 450 °C in air will increase the conversion rate
yj A ___

of metastable sp diamond bonds to graphitic (sp ) bonds. This decreasing slope signifies 

the incomplete stripping of deposited copper, which could be possibly attributed to the 

tendency of oxidized graphite to coordinate or to intercalate with copper [67]. With the 

increasing of temperature, the low surface electrical resistivity will increase with the
-^

formation of oxygen functionalities on the interfacial sp carbon, which would mean that 

the surface is becoming less electrochemically reversible or becoming semiconducting. 

The shape of the stripping responses indicated ohmic distortions probably due to reduced 

(or rectified) electron transfer rates between the diamond surface and the copper deposit.

The CV done at nanodiamond after being annealed more than 450 °C has clearly 

indicated the high cathodic current with very low stripping current, which is due to some 

solution permeated through the graphitised layers and react with Ti substrate. At this 

point, conductivity measurements indicate a dramatic drop in nanodiamond conductivity, 

which is also likely to be due to the loss of conducting sp2 carbon at surfaces and in grain 

boundaries.
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The readily graphitised nanodiamond around 600 °C [68,69] is believed to have 

drastically combusted to carbonaceous gases. The high resistive background current of 

annealing at temperature higher than 700 °C is the signal given by the TiC or TiO2 

mixture layers.
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Figure 34. (a) Plot of the stripping efficiency, Qstripping, for the anodic copper stripping process 
(cyclic voltammograms, scan rate 0.1 Vs'1) versus the annealing temperature (10 minutes furnace 
in ambient atmosphere), (b) Cyclic voltammograms (scan rate 0.1 Vs'L)for the reduction of 3 mM 
Cu2+ in aqueous 0.1 M H£O4 at a 2 mm diameter nanodiamond electrode as a function of 
annealing temperature
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4.4.8.3 Abrasive and Adhesiveness Test

Abrasive stripping voltammetry (AbSV) [70,71] involves the mechanical transfer of small 

amounts of a targeted solid material onto the surface of an electrode in order to be 

analysed by voltammetric methods, particularly anodic stripping voltammetry (ASV). 

The electrode will generally be subjected to an anodic potential to investigate the manner 

in which the material was stripped off and the effect of the process on the electrode. The 

method is an easy and time saving way to fingerprint the adsorbed metal both qualitatively 

and quantitatively, but the range of materials studied has greatly been limited by the 

hardness and friction of the electrodes.

Nanodiamond was fixed into a brass connector as a holder, and is held at the base 

of a rod whilst a copper foil moves beneath it at standardized scratching rate of 2 mm s"1 . 

Different vertical forces (weights) were applied gradually on top of the rod, and every run 

was comprised of 5 scratches. Copper was chosen as the solid material in this case 

because of its considerably low hardness (2.5 - 3 of Moh's Value or 369 MPa of Vicker's 

hardness). Nanodiamond has very smooth surface with Moh's value scaled of 10 (88 - 92 

GPa of Vicker's hardness [72]), implying the occurrence of less surface damages which is 

due to the expected lower friction and less abrasiveness forces at the contact layer between 

the two materials. The abraded nanodiamond was later anodically stripped by employing 

ASV method in 0.1 M KC1 solution at a potential scan rate of 0.05 Vs"1 .

As shown in figure 35, a distinctive anodic stripping peak was observed at 0.06 V 

vs SCE, which can be attributed to the stripping of abraded copper to ion Cu2+ (equation 

16), as being reported in [73]

Cu (s) -» Cu2+ (aq) + 2 e' E0 = 0.337 V vs SHE (eqn 16)

The magnitude of this current peak signal is comparable to the AbSV of copper on boron- 

doped polycrystalline diamond [74] with a stripping peak positioned at 0.11 V vs SCE.
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The increase of current signals is proportional to the applied vertical forces (r2 = 

0.999), suggesting that the contact of nanodiamond on copper during the abrading process 

is much better than on microcrystalline diamond. This could be due to the low surface 

morphological index for nanodiamond that make better interlayer contact, thus reducing 

the friction. The other possible reason is that the abraded copper on nanodiamond is 

weakly bonded. This could be attributed to the presence of high electronic conductivity 

on the nanodiamond surface, enabling the electrode reaction to proceed at the copper 

(solid reactant) - KC1 (electrolyte interface) which induces direct dissolution of copper 

into the electrolyte solution with simultaneously ion transfer between the abraded copper 

and the electrolyte solution.
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Figure 35. AbSV (scan rate 0.05 Vs'1) for copper abraded nanodiamond in 0.1 M KCl with 
calibrated applied forces (i.e. plus the weight of Al holder = 0.49 N); no Cu abraded 
nanodiamond (a), applied forces ofON (b), 0.98 N (c) and 1.96 N (d); with inset showing the 
correlation plot of stripping peak current, Ip at 0.03 Vvs SCE versus applied forces

After AbSV, our nanodiamond exhibits similar features to the original surface 

(under SEM examination), suggesting that the home-grown nanodiamond is of highly 

packed density structure and is bonded strongly to Ti substrate under the measurements up 

to 1.98 N. From the simple adhesion test with adhesive tape (3 M Magic tape), all of the
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nanodiamond electrodes can survive without peeling off from the Ti substrate. Due to the 

nano-scaled grain size of nanodiamond, excellent mechanical properties were expected.

From these results, it can be concluded that the 'as grown' nanodiamond possesses 

high mechanical and hardness properties and is suitable for AbSV.

4.4.8.4 Solvent Test
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Figure 36. The CVs (scan rate 0.1 Vs'1) response of nanodiamond to 5 mM Ru(NH3)63+ in 0.1 M 
KCl after the as-grown nanodiamond was dipped in a solvent and let dried (a = ethanol, b = 
chloroform, c = acetone, d = as-grown, e = paraffin oil)

An easy test on nanodiamond reactivity towards solvent polarity has been performed. 

This was done by dipping the nanodiamond in a solvent for 30 s and was then dried in air 

before a CV was carried out in 5 mM Ru(NH3)63+- The nanodiamond was later rinsed 

with nanopure water, before the test was repeated for the second time and then for the 

other solvent.

Figure 36 shows the increased faradaic current by the solvent effects of ethanol, 

chloroform and acetone on nanodiamond, as compared to the as-grown signal. The 

possible explanation for these is that the solvents would chemisorb onto the conductive 

sites of nanodiamond surface due to similar polarity in between solvent and nanodiamond 

surface. The functional groups, such as hydroxyl (-OH), carbonyl (CO) or highly dipole
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moment of CHCla could act as the reactive adsorbates on the conductive pathway of 

nanodiamond. In contrast, the nanodiamond can severely be passivated by paraffin oil, 

which clearly indicates the reactive sites have been blocked by highly non-polar 

polyhydride compounds.

These results reveal the dependence of nanodiamond on the polarity of media/ 

environment to exhibit its conductive signal in response to any redox system.

4.5 Conclusion

It has been shown that nanodiamond thin film electrodes offer an interesting alternative to 

conventional carbon electrodes. Nanodiamond appears to offer advantages over boron- 

doped diamond in terms of enhanced reactivity and over glassy carbon in terms of 

mechanical and chemical robustness. This suggests that the nanodiamond films studied 

here may have advantages in particular applications, and provides evidence that the 

performance of diamond electrodes can be "tuned" by careful manipulation of the grain
ry

size and sp content.

Nanodiamond is formed on titanium substrate from methane (as carbon source) 

and dihydrogen (as etchant), without intentional addition of doping reagents. 

Nanodiamond shows complete grown surface with averagely crystal sizes of 20-70 run 

and with thickness of 2 jam. Raman spectroscopy, SEM, AFM, field emission and 

electrochemical measurement have been performed to characterize the quality of as-grown 

nanodiamond.

Solution phase electron transfer processes involving simple one-electron redox 

couples, organic compounds and metal deposition-stripping processes are fast and 

efficient at nanodiamond compared to processes at boron-doped diamond. The redox 

systems show well-defined and reproducible voltammetric responses, low overpotentials 

required by organic compounds and high metal stripping efficiency. These behaviours
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may be attributed to the nanodiamond surface topography, the availability of active edge
-N

sites and sp content on grain boundaries.

The nanodiamond is fairly unstable in HI and O2 evolution regions with the 

possible window potential of 2.5 V range within - 0.8 to 1.7 V vs SCE as compared to the 

2.3 V for glassy carbon and 3.5 V for boron-doped diamond. Nanodiamond can easily be 

deactivated by hydrogen plasma treatment, which converts the sp2 to sp3 termination. 

Nanodiamond has shown good adhesive properties on titanium substrate, well-behaved 

abrasive stripping voltammetry and the dependence on solvent polarity for giving optimal 

responses.
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Diamond Adsorption Chemistry
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5.4.4 Conclusion

5.1 Introduction

The main motivation for studying the oxygen adsorption chemistry onto diamond surfaces 

comes from its potential effects on the characteristics of diamond growth and its influence 

on electronic properties of diamond surfaces. Oxygen figures prominently in the 

chemistry of diamond growth by controlling the quality and the defect density of diamond 

grown by chemical vapour deposition (CVD) [1,2] by combining with hydrogen and 

hydrocarbons. Oxygen can reduce the amount of unsaturated species in the gas phase and 

increase the concentration of methyl radicals [3], which are the essential factors for the
s\

diamond growth. Oxygen could also etch away the non-diamond carbon and the s/? 

defects from the deposited diamond films, thus enabling higher purity of diamond to be 

obtained [1,4]. The effectiveness of this etching is known to be better than that of H
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alone. Oxygen or oxygen-containing molecules (H2O, CO, CO2, etc) [5,6,7,8,9,10] can 

also be introduced into the growth process at much higher concentrations, suggesting, 

according to Bachmann et al. [11] that diamond can be successfully grown with carbon 

and oxygen alone. The adsorption of oxygen has profound technological influences on 

diamond surfaces properties, such as electron emission [12,13,14,15,16], electrical 

conductivity [17], and the Schottky barrier height of metal contacts [18,19]. The impact 

due to the oxygen uptake on photocathode is significant, which in turn raises the electron 

affinity [15]. The oxygen concentration that brings this about is often limited to very low 

values, suggesting that reaction at defect sites is implicated. Thus, it is crucial to 

understand the nature of the oxygen chemisorption.

The electronic structure associated with the chemisorption of a single alkali-metal 

atom on a surface is controversial because under all the circumstances that an alkali-metal 

atom adsorbs, its description as an ion on the surface is much too simplistic. The presence 

of adsorbed ion results in a decrease in work function of the diamond and charge transfer 

of the metal-diamond layer, which requires the presence of an electric dipole. The 

explanation for this ranges from the most extreme picture of an ion inducing a mirror 

charge in the substrate to very complex hybridizations of adsorbate and substrate derived 

states [20]. Li adatoms have considerably smaller dipole moments (2.3 D) and smaller 

atomic size (3.04 A) than the other alkalis. This character results in anomalous properties 

of Li, which lead to the greatest polarization power amongst the alkali metal ions and 

singularly great tendency toward solubility and covalent bond formation. Hence, a full Li 

monolayer is expected to occupy all active adsorption sites at the surface. For the other 

alkalis such as K and Cs, due to their larger atomic size, the monolayer film is of 

significantly lower density. Therefore, the aim of this work is to study Li adsorption on 

diamond surface and to investigate the extent of how Li follows the properties expected 

for other alkali metal.
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5.2 Experimental

The experiments were performed in an ultrahigh vacuum (UHV) system with a base 

pressure of < 5 x 10~ 10 mbar. The system (see Chapter 2; figure 2) was equipped with a 

Hiden Analytical HAL EPIC quadrupole mass spectrometer (QMS) for the temperature 

programmed desorption (TPD) studies and a PSP X-ray source with a Mg anode (1253.6 

eV) for X-ray photoelectron spectroscopy (XPS). The XPS spectra were fitted with 

asymmetric mixed Gaussian-Lorentzian sum functions using the XPS peak fitting 

programme XPSpeak (version 4.0). Energies in the core-level spectra are quoted as the 

binding energies relative to the C Is bulk component.

All pure dosing gases, H2, Oi and NHs (all standard BOC gases) were used without 

further purification. Molecular gas dosage was delivered via an ex situ leak valve and 

stainless steel dosing line, with the tip of which was 10 mm from the sample. An iridium 

(Ir) filament was present in the system, which electronically excites the molecular 62 

dosing gas or thermally dissociates the NH3 when desired. This was done over the optimal 

Ir temperatures in the range 1650 - 2000 K at an applied current of 5.0 A, which should 

not impose any Ir-related contamination on the surface [21]. The system was also 

equipped with an atomic beam source (Sairem), for O or H atom dosing [22]. All of the 

gases dosages were performed at a pressure of 5 x 10"6 mbar.

The high-quality boron-doped CVD diamond sample used was grown by 

MWPECVD on Si, and displayed a well-faceted, random grain orientation with a grain 

size in the 5 - 10 jum range. The B-doped sample was mounted as shown in Section 2.4 of 

Chapter 2. Undoped single crystal diamond (4x4x1 mm3 ) was used to make 

comparison with the polycrystalline diamond, and the mounting of sample was shown in 

the figure 1. A Ta filament was used to heat the backside of the diamond up to 500 °C by 

thermal emission and "black body" radiation.
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XPS analyser
A

X-ray beam

1 Single crystal diamond
2 Tantalum foil (holder) - grounded
3 Tantalum filament
4 Thermocouple
5 Manipulator

Figure 1. The mounting ofundoped homoepitaxial single crystal diamond

Li depositions were carried out with a Li dispenser (SAES Getters) at 300 K, at a 

pressure below 1 x 10"9 mbar and at a distance 25 mm from the sample. The operation 

current of the Li getter source was 7.3 A, but higher currents (even up to 9 A) were 

required to open the source slit. When the source emitted Li, the current can later be 

reduced to a certain value depending on the dosage determination.

The diffusion profile of Li was acquired on the Atomika 4500 SIMS instrument at 

University of Warwick. The profiling conditions used were with an incident beam of 1 

keV C>2+ at an angle of 30 ° from the normal. The charge compensation used during 

profiling of these particular profiles was conducted with a floating low energy electron 

gun (FLEG).

Note: a shorthand notation is used in this chapter - A/B/diamond denotes the 

interface formed by adsorbate A dosed on pre-adsorbed B on the diamond surface. The 

forms of adsorbate could either be from gas dosing or metal evaporation.
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5.3 Oxygen Adsorption Chemistry 

5.3.1 Previous Work

Research on the interaction of oxygen with diamond surfaces started as early as 1918, with 

the investigation carried out on the surface oxides of diamond powder [23]. Lambert [24] 

suggested that molecular oxygen would chemisorb onto the surface of a clean diamond 

powder as a carbon dioxide complex and that carbon monoxide could only be formed in 

the presence of catalysts, while Barrer [25] reported oxygen physisorption on diamond 

powder surfaces can only occur below 0 °C. Lander and Morrison [26] showed that the 

adsorption of water and oxygen on the C(111) surface produced the LEED patterns with 

the characteristic of disordered surfaces, even the high oxygen doses failed to produce 

patterns on both the C(100) and C(lll) surfaces. In 1968, Sappok and Boehm [27] 

investigated diamond powder and suggested an ether-like O bridge-bonding on the C(l 11) 

and C(l 10) faces, whereas carbonyl groups were bounded to the (100) face.

Thomas et al. [28] investigated the interaction of oxygen with the C(100)-(2 x 1) 

surface using thermal desorption spectroscopy (TDS) and low-energy electron diffraction 

(LEED), revealing that the adsorbed oxygen was desorbed as CO (major) and CO2 

(minor). They also showed that Ir-excited molecular oxygen, O2 * was able to convert the 

(2x1) structure to (1 x 1), by which this type of surface reconstruction was proved 

theoretically later [29]. By using diffuse reflectance infrared (IR) study on diamond 

powders combined with the TDS and thermogravimetric analysis, Ando et al. [30] 

attributed IR peaks that were observed from the oxygenated polycrystalline diamond 

powder to ether, ketone, lactone, carboxylic acid and carboxylic anhydride species. 

Similar multiple internal reflection infrared analysis was used to analyze the reaction of a 

diamond prism with water [31] or with oxygen [32].

Oxygen adsorption on diamond was also studied by using ultra-violet 

photoemission spectroscopy (UPS) with RHEED [33], suggesting that the observed
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emission state at ~ 3 eV following O adsorption was assigned to the O-induced surface 

state; and after annealing to 800 °C, the reconstructed surface with the emission at 2.5 eV 

was attributed to the 7i-bond reconstruction of the sub-surface carbon layers, following the 

desorption of the first layer CO from the surface. Other techniques that have been used 

for investigating oxygen adsorption were high-resolution electron energy loss 

spectroscopy (HREELS) [34,35,36], electron stimulated desorption studies [37], elastic 

recoil detection analysis (ERDA), Rutherford backscattering spectrometry (RBS) and 

time-of-flight secondary ion mass spectrometry (TOF-SIMS) [38].

Theoretical studies were also employed to understand the oxygenated diamond 

surfaces and the origin of the O-induced emissions state, by mean of ab initio total energy 

calculation [29], first principles linear muffin-tin orbital (LMTO) method [33], SLAB- 

MNDO molecular orbital methods [39] and the density functional methods [40].

For the first part of this chapter, the discussion will be focused on the results of the 

oxygen adsorption chemistry on diamond with regard to the differing oxygen dosage 

methods, such as molecular, excited and atomic oxygen. The effect of hydrogen pre- 

adsorption and substrate temperature platen are also examined on oxygen adsorbability.

The interaction of oxygen and diamond is considered crucial to gain insight the 

performance of the diamond photocathodes, particularly due to the effect of photoyield 

degradation induced by oxygen (analysed and discussed in Chapter 6) and also its 

electrical influences on diamond surface conductivity (analysed in Chapter 3).

Abbreviated terms of surface treatment were used: Oi (molecular oxygen); On*

(thermally excited oxygen by the incandescent iridium filament); O (atomic oxygen or 

dissociated oxygen, generated via microwave plasma source); H (atomic hydrogen or 

dissociated hydrogen, generated via microwave plasma source).
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5.3.2 Results

5.3.2.1 Effect of pre-Hydrogenation on Oxygen Adsorption

XPS studies

The kinetics of oxygen adsorption on the diamond sample were studied by measuring XPS 

spectra after the exposure to oxygen of an atomically clean surface, prepared by desorbing 

all residual hydrogen from the surface by heating to approximately 1200 K. A surface was 

dosed with atomic hydrogen close to 300 K using the atomic microwave beam source to 

achieve saturation surface coverage, as measured by thermal desorption spectrometry. 

Experiments were carried out with molecular 02, with electronically excited 62* via 

interaction with the iridium filament, or with atomic O obtained from the O beam source. 

Results showing the resultant of relative O coverage versus oxygen dose for these 

differing conditions are illustrated in figure 2a. A barely perceptible rise in O coverage 

with gas dose is seen when the hydrogen-free surface is exposed to molecular C>2. If the 

dosing gas is electronically excited, or atomised, then the rate of oxygen uptake increases 

enormously, as does the 'saturation' oxygen coverage observed in this dosing pressure 

regime. An equally notable effect is that the hydrogen-saturated surface measured in 

terms of saturation coverage and the initial rate of oxygen uptake is at least as reactive as 

the hydrogen-free surface. Using XPS sensitivity factors and photon attenuation down to 

5 carbon monolayers (in eqn 31, Chapter 2), the Ol5/ Cls signal intensities can be 

converted to approximate surface coverages. Such calculations indicate that the oxygen 

coverages observed vary from ~ 0.08 monolayers for molecular oxygen adsorption on H- 

free diamond up to ~ 0.8 monolayers for a similar gas exposure using the O atom source.

XPS spectra of the O Is region for the oxygen-dosed surfaces are illustrated in 

figure 2b. Some of the recorded spectra exhibit peaks with an appreciable energy spread, 

suggesting that they comprise of several chemically shifted components, indicating the 

presence of differing oxygen species on the surface.
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Figure 2. (a) Plot ofO Is/ C Is ratio intensity versus gas exposure time (5 x 10~6 mbar) and (b) 
Ols spectra after 4500 L oxygen exposure at 300 K; (i) O2/diamond, (ii) O^H/diamond, (Hi) O2 * 
/diamond, (iv) O2* /H/diamond, (v) O/diamond and (vi) O/Hfdiamond

Figure 3 shows the shifts of O \s binding energy in regard to the individual 

treatment on diamond surface. Atomic oxygen produces the chemisorbed oxygen with the 

highest binding energy at 533.1 eV (v, vi). The electronically excited C>2* on both clean 

(iii) and H-saturated diamond (iv) have shown linear increases of O Is binding energy 

shifts to 532.7 eV within the dosing period of O2 * for 20 min. Molecular oxygen
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adsorption showed insignificant increase of the binding energy shift for both H-treated (ii) 

and untreated (i) surfaces (at 532.0 eV). A likely interpretation of these data are that the O 

Is binding energy is mainly dependent on surface coverage, rising from ~ 532 eV at low 

coverage to 533 eV at high coverage. This is probably due to changes in the nature of the 

O species present, as well as the charges in bond polarity, which are expected to be

coverage dependent.

533.4

532.0
1 5 9 13 17 21 

Time deposition of gases/ min

Figure 3. The shift of binding energy for O Is with regards to individual treatment on diamond, 
(i) O2/diamond, (ii) C>2/H/diamond, (Hi) O2*/diamond, (iv) O2*/H/diamond, (v) O/diamond and (vi) 
O/H/diamond (Note: a dose of 20 min at 5 x 10'6 mbar is equivalent to 4500 L)

Peak fitted C Is spectra are shown in figure 4. The peak at approximately + 1.0 eV 

can be ascribed to carbon atoms bonded in polyhydride (CHX, x > 2) configurations 

adsorbed on the surface [41]. The peaks with shifts between 2.0 and 2.5 eV can be 

attributed to hydroxyl and ether functional groups on the surface, whereas the peak at + 

3.6 - 4.8 eV is assigned to carbonyl and carboxyl groups or multiple ether linkages 

[42,43]. As compared to the C Is of hydrogenated diamond (figure 4 v), the arising peaks 

at binding energies > + 2.0 eV (as referenced to the bulk carbon peak) were observed for 

the oxygenated diamond systems (i - iv). After the exposure to indium filament activated

199



Chapter 5

O2*, a deconvoluted peak was observed at a binding energy of + 2 eV (~ 286.0 eV), 

resulting in a full width at half maximum (FWHM) ~ 1.5 eV (see figure 4 i, ii). Whereas, 

after the exposure to atomic O beam, there was a significant increase of the compositional 

peak at a binding energy of + 4.5 eV (~ 288.5 eV) for 4 (iii) and 4 (iv), with the increase 

of FWHM up to 2.2 - 2.4 eV.

c
=5

CO 

2

O
«4—
O

U)c.
<D

coc
D)

CO

279 281 283 285 287 289 291

(ii)
FWHM = 1.6 eV

279 281 283 285 287 289 291

FWHM = 2.2 eV

279 281 283 285 287 289 291

FWHM = 2.4 eV

(iv)

279 281 283 285 287 289 291

Binding energy/ eV

286

Figure 4. XPS Cls spectra for different treated diamond samples at oxygen saturation dosed, 
giving the binding energy -with individual functional component: (i) 0'2"'/diamond, (ii) 
O2*IH/diamond, (Hi) O/diamond and (iv) O/H/diamond with reference to (v) fully hydrogenated 
diamond, H/diamond centred at 284.4 eV
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Accordingly, the polyhydride content (+ 1.0 eV from the carbon bulk) had clearly declined 

after higher degree of oxygenation was carried out. Note that the binding energies for C 

\s of differing condition are different, 284.4 eV for H/diamond, 283.4 eV for 

O2*/diamond, 283.8 eV for O2*/H/diamond and 283.1 eV for both O and O/H- treated 

diamond.

The comparison of the functional components after each chemical surface 

treatment carried out on diamond surface is shown in figure 5. Atomic oxygen treated 

diamond samples have higher amount of carbonyl and carboxylate related species at 

higher binding energy with relative decreases in polyhydride content, whereas the sample 

exposed to iridium activated oxygen, O2 * (ii, iii) has shown less C=O/COO species than 

(iv), (v) with higher polyhydride content. Hydrogenated diamond (i) has shown no 

significant amount of oxygen containing functionalities.

> ro
H—«

.CO
<D

01
Bulk 

carbon
Polyhydrides, Ether/hydroxyl, Carbonyl/carboxyl 
(CH)n- C-0/ OH C=O/COO

Functional components

Figure 5. The comparison of functional components on each chemical surface treatment on 
diamond; (i) H/diamond, (ii) O2*/diamond, (Hi) O2*/H/diamond, (iv) O/C and (v) O/H/C; Note 
that oxygen containing groups is insignificant for (i)
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Thermal desorption studies

Thermal desorption spectra (IDS) were monitored to examine the thermal stability of the 

adsorbed layers. The main desorbing species were found to be CO and CO2 and the 

representative desorption spectra at 3600 L exposure are illustrated in figure 6. No O2 

desorption was detected for any treatments. When Ir-excited O2 * was dosed onto the 

clean diamond surface, TDS (see 6a) showed the adsorbed oxygen was removed from the 

surface over a broad temperature range 300 - 800 °C, and a corresponding CO desorption 

peak was evident in this temperature range. Small amounts of CO2 desorption was 

observed. Pre-hydrogenation of the surface tended to shift the temperature range in which 

CO and CO2 started to desorb to somewhat lower temperatures, a shift of nearly 200 °C 

for O2* on H/diamond surface (b, f) and a shift of 100 °C for atomic O on H/diamond (d,

h) as compared to clean

1

I

1

CO 
28amu

CO2 
44amu

(e)

(f)

diamond surfaces (c, g).

0 200 400 600 800 
Temperature/ °C

1000

Figure 6. Thermal desorption 
spectra monitoring for CO (28 
amu, a-d) and CO2 (44 amu, e-h) 
following the exposure to 3600 L 
oxygen at 300 K;

e) O2 */diamond,
f) O2 */H/diamond,

(c), (g) O/diamond and
(d),(h) O/H/diamond
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When dosed with the atomic oxygen beam, some oxygen loss was also evident at 

much lower temperatures (ca. 250 °C) for the H-free surface, in the form of CO and CO2, 

with this shifting down to 150 °C for adsorption on the hydrogenated surface. TPD 

spectra monitoring H2 indicated that the total amount of hydrogen desorbing was 

significantly reduced, compared to the oxygen-free surface, by exposure to Ir-excited O2* 

or atomic oxygen O. The following figures (7-9) show the series of thermal desorption 

spectra monitored as the amount of oxygen dosage increases.

CO x2.5

Increases of O2* 
on H/diamond/ L

4500
2700

1800
900

A

200 400 600 800 
Temperature/ °C

1000

Figure 7. TD spectra recorded for (i) H2 (2 amu), (ii) CO (28 amu) and (Hi) CO2 (44 amu) of 
O 2*/H/diamond, following the exposure of fully pre-hydrogenated diamond to the increase doses 
of iridium filament activated oxygen, O2 * at 300 K (900 - 4500 L)

TDS of activated O2 * dosed on pre-hydrogenated diamond is shown in figure 7,

revealing the desorption of CO (ii) and CO2 (iii) peaks centred at a temperature of 380 °C,
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which grew in intensity and shifted to lower desorption temperature with the increasing 

C>2* exposure. This indicates a second order of desorption has taken in place. This trend 

was followed by the small decrease of amount for the desorbed hydrogen at 800 °C (i) at a 

saturation dose of 4500 L.

(i) H2 x 1

^ (ii) CO x1
Increases of O

on H/diamond/ L
4500

2700

1800
900

200 400 600 800
Temperature/°C

1000

Figure 8. TD spectra recorded for (i) H2 (2 amu), (ii) CO (28 amu) and (Hi) CO2 (44 amu) of 
O/H/diamond, following the exposure of fully pre-hydrogenated diamond to the increase doses of 
atomic oxygen at 300 K (900 - 4500 L)

Atomic oxygen dosed on H-saturated diamond surface has shown distinctively 

different TD spectra in figure 8 with two apparent desorption peaks, positioned at 170 °C 

and 300 °C independent on the increases of O doses, which is the first order desorption 

behaviour. The amount of desorbed hydrogen has decreased remarkably with the 

increases of O dosages, with the disappearing H2 peak at 850 °C. It is noticeable that the
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QMS intensity ratio for the desorbed CO and CO2 are relatively similar (x 1.67/1.0) for 

O/H/diamond, if compared to the case for O2*/H/diamond (with x 16.67/2.5).

Figure 9 shows the TD spectra for the exposure of clean diamond to the increasing 

dosages of atomic oxygen. Maximum desorption peaks were located at 180 °C for both 

desorbed gases, with the observed second arising broad peak around 400 °C.

Increases of O
on clean diamond/ L

4500

2700

900

0 200 400 600 800 1000

Temperature/ °C

Figure 9. TD spectra recorded for (i) CO (28 amu) and (ii) C02 (44 amu) of O/diamond, 
following the exposure of clean diamond to the increase doses of atomic oxygen, O at 300 K (900 
-4500L)

5.3.2.2 Effect of Substrate Temperatures on Oxygen Adsorption

A number of experiments were performed at higher dosing temperatures and data is shown 

in figure 10. In figure lOa, the saturation coverage achievable from molecular oxygen (v) 

and excited oxygen (iii) show a gradual increase with temperature above 300 °C, 

suggesting an increase in reaction probability, though the coverage decreased later after 

450 °C. In contrast, the surface coverage evident after dosing with atomic O (i) decreased 

somewhat, which is as expected, given the thermal stability exhibited for these adlayers,

indicating that some decomposition of the adsorbed layer occurs in this temperature range.
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It is worth noting that the H-pretreated surfaces showed the maximum coverage of oxygen 

at -150 °C for both molecular (Ch/H/diamond, iv) and excited oxygen (O2*/H/diamond, 

ii), and the coverage decreased later with further increases of the substrate temperature.

0.25-

0.2

o 

o
o
*3 
(0o:

0.15-

0.05

0

(a)

(i)

I

50 150 250 350 450 550 650

Temperature/ °C
527 529 531 533 535 537 

Binding energy/eV

Figure 10. O Is/C Is ratios against substrate temperature (a) and XPS of O Is at substrate 
temperature of- 350 °C (b) for the doses of 2250 L by different oxygen states; (i) O/diamond, (ii) 
O2 */H/diamond, (Hi) O2 */diamond, (iv) O2/H/diamondand(v) O2/diamond

From figure lOb, two underlying chemical positions for O Is were observed at ca. 

531.4 eV and 533.2 eV and the peaks were further fitted carefully by mean of XPS 

Gaussian-Lorentzian peak fittings. The ratios of the compositional area for the lower 

binding energy peak (denoted A) to the higher binding energy peak (B) are shown in 

figure 11. At perhaps 275 °C, these two peaks interchanged their area ratios for the 

surfaces treated by O2 and O2 * 5 except for the atomic O exposed surface, which has a low 

A/B ratio even from the exposure at 300 K. Figure 12 shows the fitted XPS spectra for a 

clean diamond after being exposed to Ir-activated molecular oxygen, O2 *. At low 

substrate temperature, the underlying dominant peak in O Is was observed at lower 

binding energy, but the peak was later decreased with the increases of the substrate 

temperature, by which the O \s at higher binding energy became more prominent.
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TPD had also been performed with masses tuned at H2, CO and CO2 for surfaces 

dosed with oxygen at the elevated substrate temperatures. Figure 13 shows the TD 

comparison of the surface dosed for (a) Oz/H/diamond and (b) O2*/H/diamond at different 

temperature, revealing the drastic decreases of H2 desorption at 365 °C for (b), and more 

CO and CO2 were desorbed from diamond surface dosed at lower temperatures. For 

O2*/H/diamond, the desorbed CO peak (b ii) became broader as the substrate temperature 

was increased up to 365 °C, by which the desorbed CO peak feature is similar to 

O2*/diamond (refer figure 6a). Comparatively, a much higher amount of CO2 was being 

desorbed in (b) than (a) along with the oxygen dosing process.

(a) O2/H/diamond

(i) H 2 x1

(b) O2*/H/diamond 

(i) H 2 x1

(Hi) C0 2 x20

Increase of
substrate

temperature
A

0 200 400 600 800 1000 0 200 400 600 800 1000 

Temperature/ °C Temperature/ °C

Figure 13. TD spectra recorded for (i) H2 (2 amu), (ii) CO (28 amu) and (Hi) CO2 (44 amu) for 
the exposure of fully pre-hydrogenated diamond to 2250 L of (a) O2 and (b) O2 *, at the elevated 
substrate temperatures of<65 <C, 165 <€, 265 V and 3'65 <€
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The effect of substrate temperature on the thermal distribution of desorbed CO and 

CC>2 from the O exposed diamond is shown in figure 14. Interestingly, the desorbed CO 

and CO2 peaks have shown different peak features after dosed at the elevated substrate 

temperatures. The products were desorbed at much higher desorption temperature with the 

increases of the substrate temperature while the dosing of atomic oxygen was carried out, 

suggesting different type of compositional oxygen were involved with the formation of a 

wide variety of oxygen functionalities. The desorption spectra is much different from the 

oxygen dosages at 300 K (was shown previously in figure 9).

0

(i) 00 xl

Increases of substrate temperature

665°C

565°C 

465°C

365°C 
265°C

165°C 
<65°C

A

200 400 600 800 1000 
Temperature/ °C

Figure 14. TD spectra recorded for (i) CO (28 amu) and (ii) CO2 (44 amu) of O/diamond, 
following the exposure of clean diamond surface to atomic oxygen (2250 L) at the elevated 
substrate temperatures (from <65 °Cto 665
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5.3.2.3 Hydrogen Etching on Oxygenated Surfaces

Two types of oxygenated diamonds, O2*/diamond (figure 15a) and O/diamond (b) were 

treated with atomic hydrogen at a pressure of 5 x 10"6 mbar. With increasing exposure to 

atomic hydrogen, both of the O Is peaks positioned initially at 532 eV have shifted to 

533.6 eV with their XPS intensities in decline. At the same time, C Is peaks have shifted 

from ~ 283.1 - 283.5 eV to higher binding energy at ~ 284.5 eV.

Increases 
exposure

ofH

A

Increases 
exposure

ofH

A

526 528 530 532 534 536 538 540 526 528 530 532 534 536 538 540

Binding energy/ eV Binding energy/ eV

Figure 15. XPS ofO Is spectra as a result of atomic hydrogen (5 x Iff6 mbar) etching on (a) Ir- 
excited oxygen, (92*- terminated, and (b) dissociated atomic oxygen, O- terminated surfaces

Figure 16 shows the declines of O Is/Cls ratio after the oxygenated surface was etched by 

atomic hydrogen, with the decreases of nearly 30 % for O2*/diamond and 22 % for

O/diamond surfaces after the

exposures to 3375 L of atomic 

hydrogen.

Figure 16. Plot of O Is/C Is ratios 
against the length of atomic hydrogen 
etching on oxygenated diamond 
surface, with

(a) Oi*^/diamond, and
(b) O/diamond

0.24

0.10
0 5 10 15 20 
Etching time of atomic hydrogen/ min
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The QMS was also tuned to record signals corresponding to the etching of atomic H on 

surface oxygen, arising from the spontaneous desorption from the diamond surface at 300 

K. Figure 17 shows that the time evolution of the main scattered resultants includes water, 

CO, CO2 and OH signals while the diamond was faced to the atomic hydrogen beam. At 

short hydrogen pretreatment time (for t < 40 s), the surface yielded predominantly CO and 

CO2 . For longer etching period (t > 40 s), the yield of water and OH increased until it 

reached the saturation level at t ~ 300 s. During the same period, the amount of CO and 

CO2 decreased. The cracking pattern (in inset) suggests the possibility of OH being 

derived from the fragmented H2O, as the experimental intensity is similar to the theoretical

value.

(a) Mass 
spectrometer Atomic 

source

GasH2

Diamond

S

18 17 
Atomic mass unit

0 100 200 300 

Time/ s

400 500

Figure 17. (a) The schematic diagram showing the on-spot measurement of the desorbants by 
QMS spectrometer, and (b) the QMS time evolution signals acquired from the exposure of 
oxygenated diamond surface to atomic hydrogen (with the admittance of atomic beam at 0 s) at 
300 K; (i) H2Q+ (18 amu), (ii) CO+ (28 amu), (Hi) OH" (11 amu) and (iv) CO/ (44 amu); inset of 
figure (b) shows the comparison of theoretical and experimental data for water cracking patterns
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5.3.2.4 Effect of Thermal Annealing on Oxygenated Surfaces

The thermal stability of the different oxygenated surfaces was examined. Samples were
i

prepared as before by exposing both hydrogen-saturated and hydrogen-free surfaces to the 

saturation dose of oxygen at 300 K. The sample was heated rapidly to the successive 

increases of temperatures, and was later cooled down to room temperature before the 

coverage was monitored by XPS. The data is illustrated in figure 18 as a function of the 

maximum annealing temperature. The trends of the desorption curves were consistent 

with the TPD spectra as presented in figure 6.

0.25

0.25

200 
400

600 
Temperature/ °C 800

100

Figure 18. XPS signal intensity ofO Is/C Is ratio versus annealing temperature for the surfaces 
of (a) Q2*/diamond, (b) O2*/H/diamond, (c) H/O/diamond, (d) O/diamond and (e) O/H/diamond

The O/H/diamond (e) surface shows a drastic decrease for oxygen coverage below 

200 °C, which was more apparent than the decrease for the O/diamond surface (d). 

Similarly, an earlier decrease in Ols/Cls was observed for the O2*/H/diamond (b), as 

compared to O2*/diamond surface (a). The H/O/diamond (c) however, shows greater 

thermal stability up to 500 °C by which the other oxygenated systems have already

suffered from the sharp declines in Ols/Cls ratio down to 0.05.
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5.3.3 Discussion

Despite the interest in the interaction of oxygen with diamond surfaces, the number of 

detailed studies on diamond materials other than powders are relatively few. Thomas et 

al. [28] studied the interaction of Ir-excited oxygen with a hydrogen-free diamond (100) 

single crystal, and observed rather broad thermal desorption traces due to CO evolution in 

the temperature range 400-800 °C. Hossain et al. [34] have also studied a similar system, 

and observed the formation of ether and carbonyl species, which desorb as CO near 800 

°C. In the sense that the reaction probability of thermal O2 is very low, that the reaction 

probability of Ir-excited O2 is significantly higher and that the adlayers formed are 

relatively stable thermally, it seems clear from the present work that the reactivity of CVD 

diamond to O2 is fairly similar to that seen for well-ordered single crystals.

It is notable that a much higher surface coverage can be achieved by using atomic 

oxygen compared to that obtained using the Ir filament, showing that more sites become 

reactive to atomic species compared to the electronically excited molecular entities 

produced by the Ir filament. Much of the oxygen accommodated on the surface is 

significantly less thermally stable, however, desorbing below 200 °C. It is also notable 

from figure 6 that, whereas CO is the main thermal desorption product at high temperature 

for low O surface concentrations, the product switches to CO2 at these high oxygen 

coverages obtained using the atomic O beam. The three feasible desorption products 

expected for adsorbed oxygen are O2, CO, and CO2, with a thermodynamic stability 

ascending in this order. However, in high vacuum desorption experiments, it is the kinetic 

product which is formed. Spectroscopic data suggests that the main O species which 

dominate at low coverage are bridge-bonded C-O-C ether linkages and 'on-top' C=O 

carbonyl forms [44] where essentially no C atom is likely to be bonded to more than one 

O atom. Surface migration is thus needed to form the intermediate local structural forms 

leading to CO2 desorption. At high surface oxygen coverage, C atoms are much more
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likely to be bonded to two O species, such as carboxylate and carbonate compounds, so 

the switch to the thermodynamically more stable desorption product is not unexpected.

(i) "Bound forms of oxygen"

Different spectra in O Is were observed as the coverage and the dosing temperature are 

changed. This is attributed to the complicated distribution of differing chemical forms of 

oxygen on diamond surface. XPS studies on well-defined polymer systems [45,46] show 

that isolated carbonyl and ether linkages display very similar chemical shifts to our results, 

where as significantly wider binding-energy ranges are expected if functional groups, such 

as ester, anhydride and carbonate groups, are also present.

Our data on O Is shows a deconvoluted peak is apparent at higher binding energy 

at high dosing temperature or at high oxygen dosages. XPS Ols peak at higher binding 

energy (denoted as B in figure 11) begins to dominate the peak area around 270 °C for 

both environments of (V- or O2*/H/diamond. The related O Is peaks for O dosing also 

show the oxygen species at higher binding energy (figure 11, 12) dominates the surface 

throughout. XPS chemical shifts [42] shows that O Is for ether-like (i.e. OC-OR or C- 

O-C-O-C) is located at high binding energy ~ 533.4 eV whereas carbonyl compounds (i.e. 

C=O) is positioned at 531.7 eV, so the implication is that high temperature dosing or 

dosing using the atomic O source tends to produce ether type rather than carbonyl type 

species. This is similar to the previous reports [34], revealing the presence of carbonyl, 

ether and hydroxyl groups on the surface, with carboxylate and multiple ether linkages 

dominating at higher coverage. However, theoretical studies suggested that on-top 

carbonyl groups are more thermodynamically stable and favourable at temperature higher 

than 600 K due to an increase in entropy [35,47]. There is thus clearly some discrepancy 

between results and theory, possibly due to the involvement of kinetic factors.
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The sticking coefficient for molecular oxygen, O? is very low, even with longer 

exposure period. There is small amount of CO and insignificant CO2 detected in TPD 

signal (see figure 13a), which is concurrent with the published results [48]. This would 

suggest that the chemisorption of molecular oxygen on diamond surface does occur, 

probably involving dissociative adsorption, in view of the failure to observe molecular 

oxygen desorption. Two different mechanisms that could possibly be expected for 

molecular oxygen adsorption on the n carbon bonded chains of the freshly annealed un­ 

reconstructed diamond surface [39] are through direct dissociative adsorption (eqn 1) and 

molecular precursor-mediated adsorption (eqn 2) (see figure 19). Equation 1 shows that 

an oxygen molecule dissociates on the diamond surface, and the oxygen adatoms occupy 

available adsorption sites. For the equation 2, the peroxylike O-O bridge bonding could 

be formed in three ways [49]; either on-top sites (oxygen molecules are positioned above 

dimers with O-O bonds parallel to the dimer C-C bonds), in-between sites (oxygen 

molecules are positioned between dimers of adjacent rows with O-O bonds parallel to the 

dimer C-C bonds) or perpendicular sites (oxygen molecules are positioned between dimers 

of the same row with O-O bonds perpendicular to the dimer C-C bonds).

0 = 0

n T ________> __ /% __
_^ r^ r—— ^

_c — c — c c
II II (eqn 2)

Figure 19. Chemisorption mechanism of molecular oxygen on n carbon

This type of molecular precursor bonding has widely been observed for Si(lll) surface 

using STM and photoelectron spectroscopies [50,51,52] and HREELS and XPS [53].
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However, these molecular oxygen precursors on diamond surface are unstable even at 300 

K, and would rapidly convert to on-top configuration, which are more thermodynamically 

stable within hundreds or even tens of femtoseconds [47].

Excited oxygen, O?* is expected to etch and break through the top layer of C-C 

dimers, which then form the relatively larger amount of oxygen related groups, such as 

carbonyl and ether groups on the surface. These two major functional groups are reported 

to co-exist under typical room temperature with the reference to theoretical studies 

[39,47], and the disordered configuration of LEED pattern [34,54]. On-top oxygen is 

reported to have lower desorption barrier than the bridge form [28], suggesting that the 

desorption pattern will cover a wide range of temperature. This can explain why the 

temperature coverage for CO desorption is wide (figure 6a,e), with the slow decline of 

Ols/ Cls ratio in temperature flashing spectra (see figure 18).

The increased amount of the desorbed COi in TPD results when dosed with O 

suggests that atomic oxygen, O would penetrate into sub-surface carbon layer at the 

diamond surface and incorporates into back-bonds of the 7i-bonded carbon chains. With 

the combination of dangling bond oxidation, this would further lead to the formation of 

carboxylic (-(CO)O-) and lactone (CO(O)CO) species on the diamond surface, which 

thermally decompose producing CO2 [30,44]. A high degree of oxygenation, as reported 

[35] can also roughen the diamond surface by creating reactive new sites at edges or 

defects by which carbon atoms with unsatisfied or strained bonds can more easily double- 

bonded to oxygen, again producing very oxidised centres. Lower desorption in TPD for 

atomically oxygenated diamond is due to the decrease in chemisorption energy on the high 

oxygen-saturated surface by repulsion between on-top oxygen atoms and by the stretching 

C-O bonds. As shown in figure 14, there is a series of CO and CO2 desorbed peaks shift 

to higher temperature desorption with the increasing dosing temperature. This suggests
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that higher temperature deposition allows the formation of higher form of oxidation 

species with higher activation energy, which desorb at higher temperature.

fii) Effect of prehvdrogenation

The exact nature of the oxygen reactive sites on diamond remains unclear. One obvious 

potential explanation, in view of the analogous situation seen with Si, is that the 

hydrogenated surface is inert, and that reaction occurs at sites where vacancies exist in the 

hydrogen adlayer. However, this does not appear to be correct, since we actually observe 

that the uptake of oxygen on the hydrogen-free surface is slower than on the hydrogenated 

surface, as has also been noted previously for other electronegative adsorbates [55,56]. 

Theoretical studies have also predicted that adsorbed hydrogen is capable of promoting O 

uptake [39,47]. One aspect to consider here is that it is well known that hydrogenation 

treatments can change the morphology of diamond surface, so an explanation of the 

enhanced reactivity would be that the hydrogenation used here essentially roughened the 

surface, thus leading to more surface sites on which oxygen can adsorb. This is, however, 

unlikely to apply in the present instance, since we used hydrogen exposures of the order of 

single monolayers, very much less than those needed for morphology changes, and the 

sample seemed to have a time-independent morphology, in that reproducible results would 

be obtained by alternating oxygen dosing on the hydrogen-free or hydrogenated surface. 

Attempts to inhibit the slow adsorption of oxygen by improving the level of hydrogenation 

are therefore unlikely to be successful, especially as we note that hydrogen is actually 

removed from diamond when exposed to 'excited' oxygen.

TPD in figure 7 and 8 show that when the diamond is dosed with O2* or O, the 

hydrogen concentration drops. This would suggest that the main underlying mechanism 

for oxygen adsorption is through the abstraction by H rather than coadsorption. The rate 

of oxygen adsorption on hydrogen terminated diamond surface is higher than on clean
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surface. This can deduct that pre-hydrogenation on freshly annealed 7i-bonded clean 

surface creates more readily active sites for the impinging of oxygen. The clean surface is 

probably more "inert" to oxygen adsorption due to the stabilisation of the surface by the n- 

bond reconstruction. Hydrogen preadsorption on clean diamond will disrupt the n- 

bonding and, when oxygen is dosed on this hydrogen-terminated surface, hydrogen will be 

abstracted with the emergence of dangling bonds, where by the adsorption rate on such 

sites is much faster than on the reconstructed 7t-bonded surface.

We observed lower temperature desorption from oxygen on H/diamond than on 

clean diamond. The result is surprising since the hydrogen should be removed. Therefore, 

the presence of hydrogen must either modify the surface or inducing different adsorption 

mechanism, which will produce slightly different adsorbed layer.

(iip Hydrogen etching on adsorbed oxygen

Surface oxygen on diamond surface can be etched away by hydrogen, though only a small 

amount of oxygen can be removed. With regard to the time evolution QMS spectra in 

figure 17, different gases are desorbed as the major species at different periods, which 

would suggest different reaction channels are involved. The surface reaction was most 

probably initiated with the direct etching via decomposition of carbonyl or ether group to 

give CO as the major product and of the carboxylic (or lactone) group to give CC>2 (minor 

product), followed by the adsorption of hydrogen on the unstable surface carbon atoms (in 

eqn 3). When the amount of weakly oxygenated bonds was decreased, this etching 

process was then replaced by indirect conversion of hydroxyl groups (as the reaction 

intermediate) to water (eqn 4 and 5).

ads) + H (g) ——> Cx-i—H (ads) + CO (g) (or CO2 (g)) (eqn 3) 

Cx—O (ads) + H (g) ——> Cx—OH (ads) (eqn 4)
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Cx—OH (ads) + H (g) ——> Cx • (ads) + H2O (g) (eqn 5) 

Cx • (ads) + H (g) ——> Cx—H (ads) (eqn 6)

These possible pathways are supported with the results of EELS [34] and FTIR-DRIFT 

[30]. The appearance of the 104, 152 and 362 meV losses in EELS accompanied by the 

disappearance of the 215 meV loss suggested that O in the carbonyl was replaced by the 

atomic H. From the IR investigation [30], the increase of peak intensity for C-H 

stretching vibrations (2875-2895 cm" 1 ) paralleled the decrease of that of CO stretching 

vibrations (1600-1800 cm" 1 ), suggesting that the adsorption of hydrogen proceeded 

simultaneously with the elimination of oxygen on diamond. Another possible mechanism 

involved is the reduction of carbonyl by hydrogen molecules or atoms to aldehyde group 

(-CHO) and further reduction would produce an alcoholic OH group (-CHOH).

After atomic H bombardments, the XPS O Is binding energy has increased and 

broadened up to 533.6 eV (figure 15), suggesting that the surface is comprised of such 

different O-surface groups by comparing to the reported XPS data of O-containing 

polymers [45]. The unsaturated dangling bonds created via the elimination of the OH 

group would further be substituted with C-H groups (eqn 6).

As compared to other O-terminated surface, the H/O/diamond has shown relatively 

better thermal stability over 500 °C, as revealed in figure 18c. This would be attributed to 

the consequence of polarization of adspecies between hydrogen and oxygen atoms, 

forming the weak attraction, rather than repulsion interaction, which exists among 

carbonyl/hydroxyl or ether/hydroxyl groups [47,49].
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(iv) Implications on photocathode

When operated in imperfect vacuum conditions, oxygen adsorption through interaction 

with dissociated or electronically excited oxygen produced during uv radiation must also 

be taken into account. The rate of uptake of oxygen by the surface increases massively 

when the dosing gas is electronically excited by an Ir filament, or dissociated to produce 

atomic O. Simple estimates of the apparent reactive sticking probability can be made 

from the uptake curves plotted by correlating the gas exposures used with the surface 

concentration of oxygen achieved. This indicates the sticking probability arises from 

approximately 10~5 for thermal O2 adsorption on the hydrogenated surface, up to 

approximately 10~3 for the interaction with the atomic beam, although the degree of 

dissociation in the beam is significantly less than 100 %, so this is likely to be an 

underestimation. These reaction probabilities are still significantly less than unity, but 

nonetheless indicate that some care needs to be taken to keep the gas phase concentration 

of'excited' oxygen species low, if stable photocathode operation is to be observed over an 

extended period. High concentrations of surface oxygen are relatively thermally unstable 

on the diamond surface, as illustrated in figure 18, suggesting that some other alternative 

strategies to prevent surface build-up of bound oxygen forms could be to operate the 

photocathode at higher temperature.

5.3.4 Conclusion

The surface reactivity of CVD diamond films with molecular (O2), electronically excited 

(O2*) and atomic (O) oxygen has been explored. The surface reaction probability with 

oxygen on CVD diamond films is proportional to the maximum extent of adsorption, 

showing low, but measurable reactivity with O2 ; which increases markedly with 

electronically excited O2 * to form dilute oxygen adlayers; and rises to a maximum for 

atomic O. CO is the major desorbed species at low oxygen coverage, and more CO2 is
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evolved with increasing oxygen coverage. The desorption temperature shift from 800 K 

for low oxygen coverage to below 500 K for highly oxygenated surface.

The adsorption pattern for oxygen on CVD diamond thin films is similar to single 

crystal diamond. XPS shows a mixture of carbonyl and ether compounds at low oxygen 

coverage and at 300 K, but reveals more carboxylate and multiple ether linkages at high 

oxygen coverage and high temperature dosing, evidenced by the broad tailing features of 

C Is at high binding energy.

The exact properties of the oxygen diamond adlayer changes with the adsorption 

temperature or pre-hydrogenation, probably due to the formation of a complex distribution 

of differing surface species. Greater surface reaction probabilities are observed if the 

diamond surface is pre-hydrogenated before the interaction with oxygen, probably through 

the hydrogen abstraction by oxygen, followed by the rapid adsorption on the dangling 

bonds, which would facilitate the oxidation of diamond surface.

Hydrogenation on an oxygenated diamond surface induces direct decomposition of 

O-containing groups and the formation of OH radicals, forming H2O at 300 K. Only some 

of surface oxygen can be removed by hydrogen etching, producing mainly CO (short term 

period) or H2O (long term period), which suggests different reaction channels are 

involved.

The performance of diamond photocathodes (and other diamond electron emission 

devices) is generally degraded by adsorbed oxygen, which raises the electron affinity. The 

present work shows that adsorption of molecular oxygen to produce such an effect is slow, 

but such processes will occur in the presence of excited molecular or atomic oxygen. 

Furthermore that prehydrogenation of the diamond surface is very ineffective at inhibiting 

such processes.
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5.4 Lithium Adsorption Chemistry 

5.4.1 Previous Work

The previous research carried out on lithium adsorption on diamond surfaces is relatively 

few compared to the other elements in alkali metal group. Most of the research, 

practically or theoretically, has focused on the incorporation of lithium in order to form n- 

type diamond [57,58]. However, the studies on Li have widely been reported for other III- 

V semiconductors, such as Si, GaAs, GaP, InP and InSb for emission, channeling and 

blocking purposes [59]. These results showed that the Li can interact strongly with 

additional defects in semiconductors due to its positive charge, leading to a tendency to be 

preferentially embedded with negative defects or even with neutral defects such as 

oxygen. Other studies of Li adsorption have also been performed on various substrates, 

such as Ru [60], Al [61,62], graphite [63] and chitosan-based film [64].

The alkali-induced promotion of subsequent adsorption of gases on diamond is 

usually attributed to an increase in the rate of dissociative gaseous adsorption, which can 

be characterized by a rapid increase in the initial sticking coefficient as the alkali coverage 

increases [65]. It is commonly recognized that the dissociation of the molecules such as 

O2 near a metal surface is affected by filling the antibonding 2;r* orbital. Local 

electrostatic fields in the vicinity of partly ionized alkali adatoms can facilitate the proper 

positioning of the affinity level below the Fermi energy. Whereas, Li adatoms on 

diamond surface are expected to have noticeably smaller dipole moments in comparison 

with other alkali adsorbates due to the relatively small size and effective charge.

Salts of Li+ are exceptionally stable owing to their very high lattice energies. LiH 

is stable to approximately 900 °C. Li is uniquely reactive to N2 give a stable ruby-red 

crystalline nitride, Li3N. When heated with carbon, Li can react to form the acetylides 

Li2C2 . Li reacts with O2 to form the oxide, Li2O, with only a trace of Li2O2 and LiO2 , 

whereas the other alkali oxides, M2O, react further giving as principal products the
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peroxides, M2O2, and (from K, Rb and Cs) the superoxides, MO2 . Li can react with NH3 

to form LiNH2 and Li2NH2 .

Li is expected to have shallow donor level with an activation energy of 0.1 eV [66] 

or to be fully ionized when incorporated interstitially in diamond [67]. Experimentally, 

three different techniques have been applied to incorporate lithium in diamond; (i) ion 

implantation, (ii) in-situ doping during chemical vapour deposition, and (iii) in-diffiision.

The purpose of this section is to investigate the interaction of lithium with diamond 

to establish how its behaviour compared with that of other alkali metals. The interaction 

of the adsorbed Li with other gases, such as H2, O2 and NH3 is also examined. 

Comparison was made between Li adsorption on boron-doped polycrystalline and 

undoped homoepitaxial diamond.

5.4.2 Results

5.4.2.1 Adsorption of Li on Diamond Surface

Figure 20 shows the comparison of TPD spectra for Li dosed (20 min) onto (i) clean, (ii) 

H-covered, (iii) oxidised and (iv) aminated diamond surfaces. The clean diamond surface 

was prepared by annealing the surface gradually up to 1000 °C for 20 min in order to 

remove residual carbon, hydrogen and oxygen species from the sample. Diamond was 

hydrogenated and oxygenated by using the atomic beam source or was aminated by dosing 

the surface over the incandescent Ir filament in NH3 ambient. All of these gaseous 

treatments were performed under the pressure of 5 x 10"6 mbar for 10 min. The diamond 

surface that pretreated with hydrogen, shifted the thermal desorption of Li to much lower 

temperature around 350 °C and a minor peak was observed at 1000 °C. Li desorbed from 

the oxidised surface at a wide range of temperature around 500 °C. The desorption of Li 

from the aminated diamond occurred at 700 °C. For Li dosed on clean diamond surface, 

Li desorbed mostly at high temperature ~ 950 °C, with a minor desorption peak at 700 °C.
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Figure 20. TD spectra ofLi+ (7 amu) from the Li dosed (20 min) onto pretreated polycrystalline 
diamond surfaces; of(i) clean, (ii) hydrogenated, (Hi) oxygenated and (iv) aminated

From a plot of area versus the period of Li dosage shown in figure 21, Li tends to 

deposit most quickly at the hydrogenated surface, as measured by the desorption signal. 

This is followed by the linear increase of Li uptake on the clean diamond surface (b). 

Both of the pretreated diamond surfaces with oxygen plasma (c) and dissociated NHs (d) 

do not show as rapid increases of Li uptake as compared to the others.
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Figure 21. The Li 
uptake plots on different 
pretreated diamond 
surfaces, measured by 
using QMS-TPD 
method;
(a) hydrogen plasma
(b) clean diamond
(c) dissociated 

ammonia over Ir 
filament

(d) oxygen plasma 
treated
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5.4.2.2 Depth Profiling of Li Adsorption

The polycrystalline diamond shows no changes of the surface morphology after the 

experimental procedures were conducted in the UHV chamber. However, the sample 

shows deep greyish region in the centre of the sample. To investigate further, SIMS depth 

profiling was carried out and the result is shown in figure 22. Due to no possible reference 

available, it is difficult to convert the ion yield into the term of concentration, atom cm"1 . 

Therefore, the concentration used here is represented by the ion yield as the received data. 

It appears that a high concentration of lithium has been embedded in the diamond sub 

surface (up to ion yield of 103/7Li as compared to 5 x 105/12C). The concentration of 

lithium is gradually decreasing to an ion yield of 10 at a depth of 0.2 |um, and is leveled 

off at a depth of 0.4 jam with the nearly non-existence of Li, which is comparable to the 

reported Li diffusion depth of ~ 0.5 jum by Popovici et al [68] and Enckevort et al. [57].
___ rj
From the profile, however there appears to be a significant increase in the Li signal at the 

silicon substrate/CVD diamond interface at a depth of 1.0 jum. After profiling the sample 

with another form of charge compensation, this amount varied slightly between the 

techniques. Therefore, probably Li was pushed back into the sample while profiling by 

some means of charge-induced migration. This behaviour was reported for the migration 

of Na in SiOi film at increasing sample temperature during SIMS depth profiling [69,70], 

which was proposed due to the defects in the film. Although there may well be an 

increased amount of Li at the diamond/Si interface, this charge induced migration will in 

turn lead to some over estimation as to the amount of Li really present at the interface.

Theoretically, a very low solubility of lithium is predicted in the diamond [71,72] 

due to the high rigidity of the bulk lattice. Therefore, high temperature annealing is 

required for effective lithium diffusion [73]. Due to the ramping to high temperature for 

numerous TPD measurements, lithium is expected to diffuse into the diamond via an in-

diffusion process.
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From the concentration profiles, the diffusion coefficient for lithium in 

polycrystalline diamond can be obtained using the penetration theory [74], which is 

described by Pick's second law of diffusion;

dt
= dx' (eqn 7)

where [Li] is the concentration of the diffused lithium atoms, t is the diffusion time, D is 

the diffusion coefficient and x is the depth below the surface. The solution of this 

equation for a surface source of impurities, which diffuse into a semi-infinite crystal is;

[Li] = [Li]0 x erfc*/ (4Z>01/2 (eqn 8)

where [L/]o is the concentration at the surface and erfc stands for the complementary error 

function. From this solution, the diffusion coefficient can be obtained by considering the 

tangent at x = 0 (at the surface). This tangent intersects the jc-axis (i.e. [Li] = 0) at jc =

(xDf)m, the so-called

penetration depth.

10° -
800 1000 1200 1400

Depth/ nm

Figure 22. SIMS (1 keV) 
profile of Li on polycrystalline 
diamond with electron gun 
charge-compensation
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From the Arrhenius plot of the lithium diffusion coefficient in diamond [57], the

at 800 °C is nearly 5 x 10 cm s" and with a total diffusion period of 2 hours, the

predicted x depth profile is ~ 336 nm, which is quite in good agreement with the 

experimental data.

5.4.2.3 XPS Investigation

278 280 282 284 286 288 290 292
Binding energy/ eV

Figure 23. XPS Cls peak for different treated surfaces of polycrystalline diamond; the line 
positioned at 284.1 eV is for C Is of the clean diamond, C (H = hydrogen plasma treated, O = 
oxygen plasma treated, NH2 = treated with dissociated NH3 oraminated)

XPS was measured after different pretreatment on diamond surfaces were performed at 

300 K. From the figure 23, significant increase in binding energy of the diamond C Is 

peak was observed (shifted to 285.2 eV) after the high Li doses on the hydrogenated 

surface (Li/H/C), with the appearing of peak tailing feature at higher binding energy. This 

C Is shift could be due to the induced downward band bending and an additional chemical 

shift contributed by the chemical interaction of Li-H. Cls peak shifted approximately 0.5 

eV to higher binding energy, following the Li adsorption on clean diamond surface. For
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Li dosed onto an oxygenated surface, chemical shifts of about + 0.4 eV from 283.5 eV is 

observed, and lithium dosed at aminated surface shows insignificant change in binding

energy.

Li was very hard to detect under XPS measurement due to its small X-ray 

ionization cross section. Moreover, Li with small radius could possibly diffuse into the 

polycrystalline diamond. Figure 24 shows the XPS Li Is peak after high Li doses for 20 

min on different pretreated surfaces. The Li peak can be detected at 55.0 eV for 

Li/H/diamond (a) with an estimated concentration ratio of 0.23 for Li to C. The Li peak 

can barely be seen at 55.5 eV for Li/O/diamond (d) or Li/NH2/diamond (c) with a Li/C 

ratio of 0.03.
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Figure 24. XPS Li Is of Li dosed (20 min) on (a) hydrogenated, (b) clean, (c) aminated and (d) 
oxygenated polycrystalline diamond surfaces at 300 K

The unsuccessful detection of Li on polycrystalline surface leads to the comparison 

with a homoepitaxial (undoped) single crystal. Though the Li \s peak was much easier to 

detect under XPS, it was found that the heating procedure was unsuccessful to anneal or 

even by mean of electron-bombarding the surface in order to resolve the clean surface. 

Electron bombardment up to 400 V could barely bring the surface temperature up to 500 

°C, which was still inefficient to eliminate the atmospheric adsorbates thoroughly.
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Therefore, the surface contains high oxygen concentration, and we have to treat the 

surface condition same as the oxygenated diamond surface. Figure 25 reveals the wide 

scan of XPS after the high Li dosages for 20 min. The Li Is peak is clearly evidenced at 

55.7 eV and the related gradual increase of Li peak is plotted in figure 26. The Li/C ratio 

is nearly 4.39 at a period of 20 min doses, which is much higher than the surface 

concentration of Li dosed on polycrystalline diamond surface.
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Figure 25. XPS wide scan of single crystal diamond (i) before and (ii) after the high doses of Li 
(20 min) at 300 K, with inset revealing the Clspeak; referenced to Ta 4f?/2 (diamond holder)
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Figure 26. XPS Li Is peak with the increasing Li dosages on single crystal diamond at 300 K; 
(a) no Li, (b) 2 min, (c) 16 min, (d) 20 min; 
figure on the right showing the Lils/Cls ratios versus Li dosing period
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5.4.2.4 Lithium and Hydrogen

The thermal desorption chemistry of different gases have been investigated using 

temperature-programmed desorption (TPD).

Figure 28(a) shows hydrogen desorbed from hydrogenated polycrystalline 

diamond surfaces in two temperature regions, with a desorption peak predominantly 

observed at ~ 850 °C, and the other at 350 °C.

Figure 28(b) reveals the increasing amount of desorbed hydrogen (and Li, as 

shown previously in figure 20ii) at 350 °C when more Li was dosed on the hydrogenated 

surface.

On the other hand, diamond was pre-dosed with Li for 10 min prior the exposure to 

hydrogen plasma and the related TPD spectra is shown in figure 28(c). The QMS signal

of the desorbed HI peak at 800 °C was intensified with the increases of hydrogen plasma 

treatments, though there was insignificant change for the desorbed peak at 350 °C.

Interestingly, the increasing treatment of hydrogen plasma on the lithiated diamond 

surface could somehow enhance the Li desorption with the concurrent desorption of H2 as 

shown in figure 27. Upon the same length of time for the exposure to hydrogen plasma, 

the amount of hydrogen was found to desorb less from the lithiated diamond (figure 27 b) 

as compared to the clean diamond surface (a).
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Figure 27. Thermal 
desorption yields for 
(a) #2 (2 amu) of 
H/diamond; (b),(c) H2 
(2 amu) and Li+ (7 
amu) of H/Li/diamond
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Figure 28. TPD spectra for H2 (2 amu) of (a) H/diamond, (b) Li/H/diamond and (c) H/Li/diamond 
surfaces
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The stability of adsorbed Li on H/diamond surface was examined by treating the 

surface with atomic hydrogen. The desorbed H2 is shown in figure 29. This desorption H2 

pattern is similar to that from the barely hydrogenated clean diamond surface, as the result 

has been shown previously in figure 28(a). The molecular H2 mainly desorbed at 800 °C, 

with a smaller desorbed signal being observed at 300 °C. The amount of Li that desorbed 

at 800 °C (not shown) was significantly in decrease after being exposed to the increasing 

amounts of atomic hydrogen.
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Figure 29. TPD spectra for H2 (2 amu) of H/Li/H/diamond surface, following the exposure to 225 
and 1125 L atomic hydrogen

Figure 30 shows the desorbed products while the lithiated surface (10 min) was 

bombarded by atomic hydrogen at 300 K. Immediately following the striking of the 

atomic hydrogen via microwave plasma, a significant rise in the signals corresponding to 

m/s = 7 amu (Li), m/s = 8 amu (LiH) and m/s = 9 amu (LiH2) were observed. All of the 

spontaneous desorption of Li derivatives displayed monotonic increases with time. This 

simple experiment employing QMS-time evolution method proved the existence of highly 

reactive interaction between Li and atomic hydrogen that subsequently formed the 

intermediate compounds, such as LiH2 and LiH. A significant point worth noting is the 

relative time-scale where the signal degenerates to the background level soon after the

plasma was switched off.
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Figure 30. The on-beam products (i) LiH2 + (9 amu), (ii) Litf (8 amu) and (iii) Li+ (7 amu) by 
atomic hydrogen on lithiated (10 min) diamond surface

5.4.2.5 Lithium and Oxygen

Alkali metals are known to be reactive to both molecular and atomic states of oxygen. 

This property leads the interest of our research to investigate the chemical reactivity of Li 

with oxygen on diamond surface. Experiment was carried out by flowing the molecular 

oxygen, Q2 inside the chamber, in front of the lithiated (10 min) diamond surfaces. TPD 

spectra were later recorded (figure not shown). Very low desorption signals of CO and 

COi were observed around 180 °C, though Li remains desorbed at high temperature of 

800 °C. This result was similar to the desorption pattern for molecular oxygen dosed on 

clean diamond surface. Thus, it can be deducted that there is no chemical interaction 

between Li and molecular oxygen on the diamond surface.

CO and CO2 are the main desorbed products for Li/O/diamond and O/Li/diamond, 

similar to the case for the plasma-induced oxygenated diamond surface, O/diamond. Both 

of the products desorbed from O/diamond at 300 °C. In contrast, as the amount of Li 

dosed on oxygenated diamond was increased (see figure 31), a new desorbed CO peak
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appeared at much higher desorption temperature ~ 700 °C, followed by the decrease of the 

desorbed amount at 300 °C. For CO2 however, the desorbed peak has shifted for only 50 

°C up to 400 °C with no appearance of new arising desorption peak. The intensity for 

desorbed COi was nearly unchanged with the increases of Li dosages. No desorption of

molecular O2 (32 amu) was observed.

(i) CO
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Figure 31. TPD spectra for (i) CO (28 amu) and (ii) CO2 (44 amu) of Li/O/diamond surface, 
following the increasing doses of Li (up to 20 min) on oxygenated surface

To investigate the effect of further oxidation on Li-O bonding, Li/O/diamond was 

treated by atomic oxygen and the result is shown in figure 32. The desorption pattern

shifted completely, by which the CO2 became the major desorbed product when the
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exposure to atomic oxygen was increased up to 1125 L. The desorbed CO peak covered a 

wide range of undefined desorption temperature from 300 to 800 °C, whereas CO2 was 

desorbed distinctively at 350 °C. The desorption pattern is very much different from the 

result as presented in figure 31, signifying the notable difference in decomposition 

chemistry between the two. The chemical structure of O/Li/O/diamond due to the layered 

surface coverage of Li and O might also cause the differences in the oxidation chemistry.

CO+->"3

"I
G

-4—>
G

200 400 600

Temp/°C
800 1000

1125L
225 L

Figure 32. TPD spectra for CO (dashed line, 28 amu) and CO^ (solid line, 44 amu) of 
O/Li/O/diamond surface, following the exposure to 225 or 1125 L of atomic oxygen

On the other hand, the lithiated surface was treated with atomic oxygen to probe 

the chemical decomposition pattern. As shown in TPD of figure 33, the desorbed CO 

peak at 700 °C was observed to dominate the desorption pattern, as compared to the peak 

at 350 °C. In contrast, the desorption patterns for CO2 have changed. Besides the original 

desorption peak found at 350 °C, an arising peak has become apparently detected at 600 

°C. Both of these desorbed CO2 peaks increased tremendously upon the high exposures to 

atomic oxygen. The amount of CO2 being desorbed was found to be relatively similar to 

CO, as shown in figure 33 (iii). O2 however, was not observed from the desorption 

spectra.
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Figure 33. TPD spectra for (i) CO (28 amu) and (ii) CO2 (44 amu) of O/Li/diamond surfaces, 
following the exposures oflithiated (10 min) diamond to the increasing oxygen plasma treatments; 
(Hi) thermal desorption yields for the products of (i) and (ii) as a function of the exposure of 
Li/diamond surface to atomic oxygen
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5.4.2.6 Lithium and Ammonia

Investigation on the interaction of molecular NH3 with or without pre-dosed Li diamond 

was performed. The corresponding thermal desorption spectra (presented in figure 34) for 

H2 and N2 were monitored at 2 amu and 28 amu respectively as the exposure function of 

clean diamond surface to NH3 . Both of the gases desorbed at low temperature, with two 

H2 desorption peaks appeared at 180 °C and 400 °C, whereas one desorption peak due to 

N2 was observed at 180 °C. Desorbed N2 was differentiated from CO by referring to their 

cracking fragmentation. No ammonia (17 amu), CN (26 amu) and HCN (27 amu) were

observed in any desorption studies. 
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Figure 34. TPD spectra 
for (i) H2 (2 amu) and (ii) 
N2 (28 amu) of 
NHs/diamond, following 
the exposures of the clean 
diamond surface to the 
increasing doses of 
molecular NHs

Temp/ °C
Two additional masses were monitored in TPD at 14 amu and 16 amu. The QMS

intensity tuned at 14 amu is equivalent to 7.2 % of the intensity for N2, indicating the
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presence of atomic nitrogen. There was no increase in intensity signal for the mass 

monitored at 16 amu, suggesting the desorbed signal at 28 amu is not due to CO.

The desorption pattern of the NHs/diamond surface was compared to the exposure 

of lithium-covered surface to molecular ammonia (termed as NH3/Li/diamond). Figure 35 

shows the two main desorption products, i.e. H2 and N2 . H2 was found to desorb at 200 °C 

and 400 °C, similar to the desorption pattern of NHs dosed on clean diamond surface 

(figure 34). N2, however desorbed at high desorption temperature of 650 °C, which was 

similar to the Li desorption range.
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Figure 35. TPD spectra for (i) H2 (2 amu) and (ii) N2 (28 amu) ofNH^Li/diamond, following the 
exposures of the lithiated (10 min) diamond surface to increasing doses of molecular NH3
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NH3 was dissociated over the incandescent Ir filament by which a higher reaction 

of the gas on Li-covered diamond is expected. The system is termed as dissociated 

NH3/Li/diamond, and the TPD result is shown in figure 36. H2, which was originally 

desorbed at low desorption temperature has shifted to 350 °C when the exposure of the 

surface to NH3 was increased. Desorbed N2 has shifted from 650 °C to a wide coverage of
+

desorption range from 300 to 800 °C, with a main peak being observed at 350 °C. Li 

showed the similar desorption pattern as N2 (not shown).
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Figure 36. TPD spectra for (i) H2 (2 amu) and (ii) N2 (28 amu) of dissociated NH^Li/diamond, 
following the exposures of the lithiated (10 min) diamond surface to dissociated NH3 dosages
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The thermal desorption yields for the desorbed products are revealed in figure 37, 

showing significant increases of the desorbed amount for H2 and N2 from the animated 

surface, particularly for the surface treated over the incandescent iridium filament in 

ammonia ambient. This could be attributed to the role of lithium on promoting more 

chemical interaction between the dissociated ammonia and the lithiated surface.

f s
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Figure 37. Thermal desorption yields ofH2 (a-d, 2 amu) andN2 (e-h, 28 amu) for (i) dissociated 
NHs/Li/diamond (a,e), (ii) dissociated Nils/diamond (b,J), (Hi) molecular NHs/Li/diamond (c, g) 
and (iv) molecular NH3 (d,h) on clean diamond surface
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5.4.3 Discussion

Previous studies of K and Cs on diamond show a conventional chemistry as seen on other 

substrates in which the alkali metal forms chemisorbed overlayers, which massively 

increase the reactivity to gases, such as O2, which otherwise show a very low sticking 

probability on the substrate is in question. Current data shows Li on CVD diamond 

appears to behave differently, including

(a) XPS shows only a very small concentration of Li present on the surface of the 

CVD film; even though a much larger surface concentration can be observed 

on the single crystal for an equivalent dose

(b) SIMS shows a lot of Li trapped in the bulk of the CVD film, clearly showing 

the onset of surface-to-bulk transport

(c) TPD shows mainly a high temperature desorption peak, which is unusual for 

alkali metals which normally desorb at low temperatures due to a low heat of 

chemisorption

(d) On the CVD film, Li does not promote reactivity to molecular oxygen 

A consistent explanation for these observations is that the Li does not remain largely on 

the surface, when dosed onto an adsorbate-free polycrystalline CVD surface, but instead 

exhibits considerable surface mobility and migrates down into the bulk diamond via grain 

boundaries when dosed on a clean or bare surface. Data also shows that the surface 

chemistry of Li is quite affected by the nature of surface adsorbates present.

(0 Li Adsorption and Diffusion

The XPS data (figure 24) and the insignificant low temperature desorption signal of Li 

suggests that Li can hardly adsorb on the diamond surface layer. Due to its small size (du 

= 3.04 A), the adsorbed Li on the surface can rapidly diffuse through the grain boundaries 

of polycrystalline diamond down into the bulk lattice. The SIMS depth profiling in figure
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22 has proved the occurrence of Li in-diffusion process, down ~ 3 |um into the bulk 

diamond. This phenomenon has well been reported for the case of Li passivation in 

polycrystalline silicon via their grain boundaries effect, showing that Li can diffuse at a 

magnitude of 3 orders more rapidly in the grain boundary than in the solid Si [75,76]. 

Considering the sensitivity of XPS down to only to 1 - 5 nm corresponding to 4 - 20 

atomic or molecular monolayers (~ 2 x 10 15 atoms cm"2 per monolayer) [77], the detection 

of the diffused Li in the bulk would be impossible. The origin of low photoelectric cross- 

section of Li has also made the XPS studies difficult. In contrast, Li can be easily detected 

by mean of XPS on single crystal diamond (see figure 25, 26). The possible reasons for 

the enhanced diffusion in polycrystalline diamond, rather than in single crystal diamond 

are due to the presence of grain boundaries on the polycrystalline surface and the presence 

of defects in the diamond bulk crystals, including vacancies, dislocations, vacancy 

complexes and microscopical voids. The presence of such defects can provide higher 

mobility routes for the atom migration and would increase the diffusion rates. Ion or atom 

can also be trapped in the bulk lattice, forming the complexes with the diffusing ion/ atom 

in the polycrystalline diamond [68].

(ii) Effect of Hydrogen on Li adsorption 

Results show that the prehydrogenation causes

(a) low temperature desorption of Li

(b) concurrent low temperature desorption of H2

(c) an increased desorption yield of Li

This would suggest the formation of a 2-D surface Li(H)ads compounds, which prevents 

the diffusion of Li down through the grain boundaries, by stabilizing the surface adsorbed 

form of Li. However, this Li(H)ads is relatively unstable thermally, and a reverse reaction 

tends to be favoured at a low desorption temperature when the substrate temperature is
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increased. The presence of the desorbed Li and H2 from Li(H)ads are respectively 

revealed in figure 20(ii) and figure 28(b), showing decomposition predominately at ~ 350

Li(H) (ads) -> Li (g) + n H2 (g) (eqn 9)

The desorbed Li at very high temperature ~ 900 °C is attributed to the embedded Li in the 

grain boundaries of the polycrystalline diamond, which is similar to that of the Li 

desorption peak from the clean diamond surface (figure 20i).

As shown in figure 27, more Li was found to desorb with the increasing of 

hydrogen plasma treatment on Li/diamond surfaces. The reasons for this unusual 

behaviour are (a) hydrogen can diffuse into the surface layers and "push" out the Li- 

occupied area. Li would migrate to shallow surface layers, and can desorb easily at high 

ramping temperature, (b) more Li(H)ads compounds are formed with the increasing 

hydrogen dosages. This would in return facilitate the desorption of Li via the disruption of 

Li(H)ads compounds. However, a full Li monolayer is expected to occupy all active 

adsorption sites at the surface, which will in turn block the adsorption sites for gases. This 

explains the reason why the desorbed yield for H/Li/diamond is lower than H/diamond 

surface (see figure 27 and 28c).

The spontaneous desorption during atomic hydrogen radiation (as shown in figure 

30) suggests the presence of lithium dihydride (either LiH2 or LiH2^ and lithium hydride, 

LiH. The suggested mechanisms are

Li (ads) + H (g) -» LiH (g) (eqn 10) 

H(g) + LiH (ads) -> LiH2 (g) (eqn 11)

Atomic H is expected to excite Li adatom to its first excited state Li (2P first excited state), 

as the reaction between Li (2S ground state) is less favourable [78]. Thus, the singly
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occupied molecular orbital in the excited LiH2 complex will involve a/> orbital on Li and 

the H2 anti-bonding molecular orbital. The van der Waals minimum of Li... H2 is reported 

to be small (< 2.09 kJ/mol) at a distance larger than 4.2 A [79]. This molecule was 

previously analysed, by means of high temperature calorimetry, ionization potential 

measurements [80] and laser pump-probe approach [81]. Lithium hydride can be formed 

by the direct collision of H on adsorbed Li (equation 10) or via the breaking of LiH2.

(iii) Effect of oxygen on Li adsorption

Li dosed on clean diamond surface shows no enhancement effect on the molecular oxygen 

adsorption, suggesting that Li suffers from the diffusion process into the diamond bulk 

lattice via the polycrystalline grain boundaries. Therefore, the chemical interaction is 

suppressed between diffused Li with the impinging O2 on the surface. In contrast, bigger 

alkali metals such as K and Cs, which do not show the diffusion effect into the diamond 

bulk, are expectedly very reactive to dissociate O2 .

Figure 31 shows the TPD result for Li dosed on pre-oxygenated diamond surface, 

revealing the extensive desorption of CO2 as well as CO. This indicates as for the other 

alkali metals that once Li is "anchored" on the surface, it enhances the oxidation of the 

diamond interface. The pre-oxygenated diamond surface provides excellent adsorption 

sites for Li and prevents the metal from diffusing inside the diamond bulk lattice. 

Therefore, the further Li adsorption would be stabilized by the O-terminated surface, 

producing high orders of O-containing compounds, such as carboxylate and 

polycarbonate, which would involve more likely Li-O-C bonding. Thus, the CO 

desorption would be favoured at higher temperature, with the CO2 peaks correspond to the 

remaining high oxidized species, which are suggested due to the decomposition of Li2COs 

compounds. By dosing the atomic oxygen on such Li/O/diamond surface (see figure 32), 

the interaction of O to C is greatly enhanced with the presence of Li. Higher and more
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complex oxidation states are expected to occur among the three elements, which can 

induce more CO2 being desorbed.

Figure 33 shows the TPD result for predosed Li on a clean diamond surface prior 

the O treatment, revealing the significant thermal desorption yields for the desorbed 

products of CO and CO2 . This signifies that the bounded oxygen species on diamond 

surface would attract the embedded Li in the bulk lattice. This is followed by the strong 

reaction in between Li and O-surface, promoting a series of high order oxidation with the 

concurrent substrate etching process by atomic oxygen. The arising peak of CO2 at 600 

°C is attributed to the thermal decomposition of Li2CO3 , by which the compound was 

reported to desorb from the Li-covered film of predeuterated propene carbonate in the 

range 477 - 587 °C [82]. In the view of surface electronic contribution, the mutual 

depolarization among the adsorbed Li and their denser packing on diamond surface would 

lower the potential distribution, resulting in the decrease of the work function. This would 

mean a lowering of the vacuum level relative to the Fermi level, which leads to the 

corresponding lowering of all energy levels for oxygen. The resonant tunnelling is thus 

enabled from diamond substrate to the oxygen via the deposited Li [65]. Therefore, the 

chemisorption of atomic oxygen on pre-dosed Li is greatly enhanced.

(iv) Effect of ammonia on Li adsorption

From the TPD spectra (see figure 34, 35) of the molecular NH3 dosed on clean or lithiated 

diamond, the first desorption peak at 200 °C is attributed to the dissociative adsorption for 

ammonia on the diamond surface. This is evidenced with the absence of the ammonia 

desorption, where instead the dissociation products N2 and H2 are observed. With low 

dissociation energy of a NH3 molecule (~ 4.8 eV) [83], this will lead to concerted 

hydrogen-abstraction reactions to take place, where H atoms are abstracted from NH3 

molecules to form NHX (x = 1,2) moieties [84]. The simultaneous desorption of these two
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gases at low temperature is expected to arise from the thermal decomposition of the 

adsorbed NHX complex, which undergoes subsequent decomposition during TPD. The 

adsorbed hydrogen that saturates the dangling bonds, is expected to desorb at ~ 400 °C.

NHX (ads) -> V2 N2 (g) + x/2 H2 (g) (eqn 12)

The presence of Li on diamond shows more N2 desorption at high temperature ~ 650 °C 

which is concurrent with the Li desorption, suggesting Li stabilises the adsorbed species 

with the formation of Li-N bonding.

The dissociated NH3 over Ir filament dosed on lithiated diamond surface shows 

significant increases of desorption amount for N2 and H2 in TPD (figure 36) and thermal 

desorption yield (figure 37). This could probably due to the formation of lithium amine 

compounds, LiNHy (y = 1-3) on diamond surface in different chemical states with 

different bond enthalpies, thus they were desorbed at a wide coverage of temperature. 

These forms of highly aminated compounds have also been theoretically and 

experimentally reported [85,86,87]. By employing equation 10 in Chapter 2, assuming v/(3
1 O 1~ 10 K , the desorption of Li and N2 from the temperature range in figure 36 will predict 

that the Li ... N bond energies are in the range of 170.67 - 263.02 kJmol"1 due to different 

compositional lithium aminated compounds, and the range of temperature is comparable 

to the reported data of 167.44 kJ mol' 1 [88] and 247.21 kJ mol' 1 [89].

CN and HCN compounds were not observed in our desorption data, suggesting 

that the diamond is inert to promote the formation of unsaturated CN bonding (or the 

incorporation of nitrogen), such as C=N and C^N. This result is consistent with the FTIR- 

DRIFT spectra for ammonia dosed on chlorinated diamond [90], showing no vibrational 

frequencies for these unsaturated CN bonds, but revealed the existence of frequency 

modes for N-H and C-N bonds.
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5.4.4 Conclusion

On clean CVD diamond, Li adsorption behaves differently to most of the alkali metals - 

the main tendency seems to be for Li to diffuse down the grain boundaries, which occurs 

only on bare (or clean) polycrystalline surface.

This tendency is stopped if diamond surface is pretreated with H, O or NH3 - 

which stabilities the adsorbed Li through the formation of surface compounds. Thus, no 

Li diffusion into the bulk is now seen.

Li shows the highest tendency for adsorption on hydrogenated diamond surface 

due to the formation of Li(H)ads compounds. Atomic hydrogen irradiation is also able to 

etch Li from the surface at room temperature, due to the formation of gaseous LiH and 

LiH2.

As a consequence of grain boundaries diffusion, Li does not promote molecular Oi 

adsorption, but if atomic O is pre-dosed to keep Li near surface, then subsequent O 

adsorption is promoted. Reactive O dosed on the pre-lithiated surface also seems able to 

attract Li from the bulk, forming highly oxidized compounds.

Dissociative adsorption of molecular NHs occurs on clean and lithiated diamond 

surface. Higher lithium amine compounds were formed with the interaction of dissociated 

on diamond.
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6.1 Introduction

Single crystal and CVD diamond films have a wide energy band gap of 5.47 eV which 

results in a very low dark current and selective absorption of light with wavelengths K < 

225 nm. Some of them, like type lib <111> diamond [1], the hydrogenated diamond 

surface [2], and the H-terminated CVD diamond films [3] have shown surface negative 

electron affinity (NBA), which is attributed to the hydrogen termination on diamond 

surfaces and thus, the subsequent enhancement of the photoyield (refer to Section 2.7 in 

Chapter 2).

With its high electron emission yields and stability under operational systems,

CVD diamond films have been chosen for use as an advanced photoemirting material in
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vacuum microelectronics and high frequency applications, such as photon detectors, high 

current-low power cold cathodes and electron emission devices. The high resistivity of 

diamond allows the fabrication of photoconductive devices, enabling light absorption 

directly into the diamond and avoiding the problem associated with light penetration 

through metallic contacts. The robustness and chemical stability of diamond films can 

also reduce the usual photocathode aging problems arising in the harsh environments by 

gas impurities, high-dose ionizing radiation and ion bombardment. The unique 

semiconducting properties of diamonds and the efficient charge transport in the bulk have 

led to the development of novel uv imagers and particle tracking detectors capable of 

withstanding very high radiation flux [4]. A number of other potential applications for 

diamond including satellite-borne astronomical observations, uv fluorescence from 

marked DNA, high-resolution photolithography and uv spectroscopy [5].

CVD diamond is capable of being used successfully for uv detection, and many 

successful photoconductive uv point source detectors have been fabricated. The 

realisation of uv imaging devices is more problematic since large-scale device integration 

is needed, using pixellated detectors. An alternative approach is to use a photocathode in 

combination with a luminescent screen to shift the uv image to the visible region of the 

spectrum, and Csl is a common material of choice in this uv imaging application. 

However, the Csl photocathodes are known to be highly unstable with respect to moisture, 

and can be strongly degraded by heat and intense radiation or suffer from ageing 

phenomena. Apart from Csl, silicon has also been used as a uv detector. However for 

wavelengths less than 400 nm, silicon becomes increasingly opaque making efficient 

detection more difficult. In many applications, it is essential that the uv detector remains 

'blind' to visible light. Filtering has been employed in Si technology to achieve this 

purpose, but this will in turn reduce the performance levels. Moreover, Si devices and 

filters are quickly damaged if they are subjected to intense radiation. Though
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photomultiplier tubes can be utilized, these are more expensive than semiconductor 

devices and are difficult to integrate with other devices. Therefore, interest has now begun 

to extend to the use of CVD diamond as a photocathode material, in view of its chemical 

stability, and optical and electronic properties.

The photoemission mechanism involved in the diamond photocathode design is the 

conventional three-step model [6], which involves bulk excitation by which absorption of 

light generates photoexcited carriers; transport of carriers to the surface region; and, 

emission/escape of electrons into the vacuum region, with more details discussed in 

Chapter 2 (Section 2.8.1). The QPY of the material can be approximately described by 

[7,8]:

QPY(hv) = — — P , ^ 
\+\la(hv)L (eqnl)

where a(hv} and R(hv) are the optical absorption coefficient and reflectivity of the 

material, respectively, and P is the surface escape probability for electrons. L is the 

electron diffusion length in the bulk and is a function of the kinetic energy of the 

photoexcited electrons, which in turn depends on the photon energy.

In this chapter, variations in photoyield at 186 nm and 252 nm have been measured 

from CVD diamond photocathode materials grown on silicon substrates, as the growth 

conditions and surface termination is changed. Two types of diamond photocathodes have 

been fabricated; reflective mode (photons and electrons interact with the same surface) 

and the more demanding transmissive mode (electrons emitted from the opposite surface 

to the incoming light). The efficiencies of these two designs are compared and discussed 

in terms of the fundamental optical and electronic properties of the diamond films that 

control them. The use of the alkali metals such as Cs and K in conjunction with various 

hydrogenation, oxidation and heat treatments is therefore explored, in order to lower the 

electron affinity in a stable manner.
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6.2 Experimental

Two types of polycrystalline diamond grown by MWPECVD have been studied, namely 

undoped (Section 2.15.3) and boron-doped p-typQ (BDD) films. The former samples were 

used for the studies of growth-dependent photoyield (results in 6.3.1) and transmissive 

mode membranes (results in 6.3.3) in a home built UHV photocathode chamber (base 

pressure of 10~8 mbar) and the BDD was used for reflective mode (results in 6.3.2) studied 

in a UHV system (base pressure of 2 x 10'10 mbar) equipped with XPS. All of the 

photoyield measurements were carried out by measuring the total electron current emitted 

from the sample, with negative bias applied between 0 to 200 V (see figure 1). Both of 

the evacuated chambers were irradiated with a deuterium lamp (the uv light source) 

directly through a Mg?2 window, in place with the optional presence of a bandpass filter 

at 186 nm or 252 nm, above and below the diamond band gap (225 nm or 5.54 eV) 

respectively, and the photon flux is calibrated to a previously-characterised silicon uv 

photodiode (the reference detector). A Keithley 610 C electrometer with high sensitivity 

and accuracy was used for measuring the photoyield throughout.

For section 6.3.1, the surface treatments with the exception of hydrogenation were 

carried out in situ in the vacuum chamber using a Cs getter source or an Ir filament, over 

which oxygen was admitted. Molecular oxygen was activated over the hot glowing Ir 

filament, dosed at a pressure of approximately 1 x 10"5 mbar with an applied current of 4 

A. The Cs getter was attached to a feed-through facing the sample with a dosing voltage 

of 7.0 V at varying lengths of time. Surface hydrogenation was carried out ex situ in the 

microwave reactor at a pressure of 45 Torr and a dissipated power of 1200 W for 30 

minutes. The temperature of surface platen was held at 600 °C.

For the reflective mode studies (section 6.3.2), surface characterization was carried 

out in situ using XPS under UHV chamber as shown in figure 2 of Chapter 2, equipped 

with an atomic beam source for effective H and O dosing. All of these gaseous pre-
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treatments were performed under the pressure of 5 x 10"6 mbar for 10 min. K and Cs were 

evaporated from well-outgassed SAES getter dispensers set at the flowing currents of 6.4 

A and 7.6 A respectively for the maximum fluxes of dosages. During the deposition, the 

pressure was kept under 7 x 10~9 mbar. The purity of the deposited alkali metals layers as 

well as the coverage was monitored by XPS. The relative coverage of the deposited 

metals layers are calculated by comparing the intensities of K 2p3/2 and Cs 3d5/2 to 

diamond carbon C Is core peaks, by taking consideration of the sensitivity and 

photoionization cross-section of the particular elements.

Diamond membranes were fabricated for the study of the transmission mode in 

photoemission (section 6.3.3). Diamond was pre-deposited on pre-scratched silicon 

substrate for the desired periods of time. After the complete growth on the face side, the 

silicon was flipped over, and a small piece of silicon was put to cover the centre of the 

bare substrate. The deposition of diamond will then be continued on the rest of the 

uncovered part of silicon for 8 hours in order to produce a diamond mask on the outer 

frames after being chemically etched away in HF/HNO3/CH3COOH (3:5:3) solution.

The diamond membranes were placed in the photocurrent rig. The emitted or the 

transmitted photocurrent off the near and far faces (relative to the uv source) were 

recorded at a bias of 120 V. The experiment was then repeated for the comparison with a 

free standing black diamond of thermal management grade (of 200 jam) and a number of 

freestanding white diamonds of different thickness (4 to 100 ^m). The position of the 

power supply and ammeter in the circuit can be changed to measure the total collected 

electrons (see figure Ib iii), the reflective photocurrent (Ib i) and the transmissive 

photocurrent (Ib ii). These connections were used to minimise the noise and emission 

from or to the chamber wall.
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Figure 1. (a) The basic principle for quantum photoyield measurements in UHV chamber; (b) 
shows the QPY measurements in home-built chamber with diamond membrane and sample holder, 
revealing (i) - (iii) the different measured QPY targets with ceramic as insulators amongst the 
stainless steel holder
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6.3 Results

6.3.1 Growth and Quality Mode of Photoemission

Attempts were made to correlate the different growth stages of the undoped diamond films 

to photoyield dependence. The surface was amply characterised with secondary electron 

microscopy (SEM), atomic force microscopy (AFM) and Raman spectroscopy, using 514 

nm exciting radiation.

Figure 2 shows the SEM images of diamond growth under the periods of 6, 9, 15, 

21 and 40 hours. At short growth times, the film consisted of randomly dispersed small- 

undefined crystallites (diameter ~ 6 jim) at 6 hours to very well (100) faceted 

discontinuous diamond "ball" (diameter -10 ^im) at 9 hours before coalescing together at 

15 hours, displaying a continuous film with many grain boundaries. The surface 

morphology primarily consisted of exposed {100} crystallographic faces and the bigger 

faceted texture increases with the decrease of grain boundaries as observed with the longer 

growth times.

The difference between 9 hour and 40 hour samples is further shown under higher 

magnification of AFM in figure 3 with their root mean square roughness (RMS) 26.27 nm 

and 152.01 nm respectively.

Raman analysis has also been conducted to compare the growth quality with 

reference to the diamond and non-diamond signals, as shown in figure 4. At lower growth 

periods, the broad band area between 1400 and 1600 cm' 1 due to sp2 graphitic or non- 

diamond carbon phases were significant, compared to the broader diamond peak at 1331 

cm" 1 . However, with the increase of growth period, the diamond peak at 1331 cm" 1 

became more prominent with a decrease of full-width at half maximum (FWHM) to 6 cm" 

1 and the non-diamond broad band that centered at 1550 cm"1 has disappeared. This shows 

that a greater quality of diamond is obtained with the increase of deposition time.
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10 jLim

Figure 2. Secondary electron micrographs (SEM) ofCVD samples for varying growth times: (a) 6 
hours (b) 9 hours, (c) 15 hours, (d) 21 hours and (e) 40 hours
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Figure 3. (a) AFM images of 9 hr sample (left) and 40 hr sample (right). Note the different scale
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Figure 4. Raman spectra ofCVD samples for varying growth times: (i) 6 hours, (ii) 9 hours, (Hi) 
12 hours, (iv) 15 hours, (v) 18 hours, (vi) 21 hours, (vii) 27 hours, (viii) 40 hours

The emitted photocurrents from the differing samples, recorded soon after growth, 

are shown in figure 5. It is apparent from this plot that short growth runs significantly 

increase the photoyield observed from the silicon substrate with an initial peak being 

observed in the yield plot at around 10 hours growth time, before a complete diamond film 

has formed on the surface. Subsequently the photoyield then declines before rising 

gradually at longer growth times. Reported measurements [9] shows that thick (> 200 

jam) free standing CVD diamond typically displays photocurrents approximately 10 % 

greater than the thickest films explored here under the same conditions. It follows 

therefore that the short growth runs produce photoemitters, which are quite close in yield 

to such thick diamond layers. For short growth times (< 20 hrs) the photoyield at 252 nm 

showed a similar qualitative variation to that seen in figure 5 (a), but the yield declined at 

longer growth times. A plot of the relative photoyield at 186 nm and 252 nm is shown in 

figure 5 (b). The ratio of the photoyields at the two wavelengths shows little systematic
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variation at short growth times, but a significant rise in the ratio is seen for the longer 

growth runs.
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Figure 5. (a) Variation in photoemitted current without filter on growth time; (b) dependence of 
emitted photocurrent for the ratio of intensity after filteration by filters 186 nm to 252 nm on 
growth time

The as-grown samples studied in figure 5 have their surfaces largely terminated 

with hydrogen, which is present naturally on most CVD diamond samples because of the 

atomic hydrogen used during CVD growth and the stability of this layer in the 

atmosphere. The effects of differing surface treatments were examined to assess how the 

extent of growth influenced the photoresponse observed.
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Figure 6. Influence of differing surface treatment on the photoyield at 186 nm for differing 
growth times: (i) caesiation, (ii) hydrogenated, (Hi) annealed in vacuo at 500 °C, (tv) oxidized

The results are presented in figure 6 for as-grown samples which were then either 

caesiated by evaporating approximately a monolayer of Cs on the surface in-situ, oxidized 

by exposing the sample to 10"5 mbar of oxygen in the presence of the incandescent Ir 

filament, or annealed in vacuo at a temperature of- 500 °C. For the clean Si sample, the 

photoyield is very similar, whether the surface is pre-hydrogenated or oxidized, although 

vacuum annealing to desorb weakly bound surface contaminants or caesiation 

significantly increases the quantum yield. In the case of the samples with diamond 

deposited on them, the hydrogenated samples display a significantly higher photoyield 

than the oxidized surface, but caesiation again tends to increase the photoyield still further.

Experiments have been performed to compare the different quality of diamond on 

photoyield in order to gain the insight studies of responsible photoemitter zones on

diamond. Four samples were grown in the CVD chamber for a period of 20 hours under
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Figure 7. (a) Raman spectra of diamond samples at four different qualities; (b) The correlation in 
between the ratio of the emitted photocurrent after the filteration by 186 nm to 252 nm filters 
versus the films quality in term of ratio peaks at 1331 cm'1 (sp3, diamond) to 1550 cm'1 (sp2, non- 
diamond)

the same growth conditions, except for their different positioning on the platen from the 

plasma ball, so as to degrade the quality of the films produced. The further the distance 

from the concentrated plasma, the lower the quality of the diamond was obtained. The 

qualities of these samples were indicated through the Raman spectra in figure la. 

Individual plots of the variation in photocurrent with no filter and with 186 nm filter in 

place have shown a levelling off of photocurrent as film quality improves, while the plot 

for 252 nm filter shows a decrease in photocurrent at higher diamond quality (results not 

shown). Figure 1 b shows how the ratio of photocurrent of 186 nm to 252 nm filters in 

place changes with diamond quality. Overall, the ratio of the emission intensities
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(Ii86/l252) was again found to increase (by a factor of 2-3) as the non-diamond content of 

the film reduced.

6.3.2 Reflective Photoemission Mode

6.3.2.1 Photoyield Studies of Gas Hydrogen and Gas Oxygen on Diamond

In-situ investigation of diamond thin film photoyield under UHV system was performed in 

conjunction with the surface coverage measurements by different gas treatments through 

XPS. Samples were initially annealed thoroughly at 950 °C to desorb impurities in order 

to restore the clean, reconstructed diamond surface. Thin films, which were annealed to 

high temperatures to desorb chemisorbed hydrogen, showed a quantum photoyield of 

0.030 % with the emitted photocurrent of 480 pA. Gas hydrogen and oxygen were 

monitored to change the adsorbate termination of the clean diamond surface, which will 

directly probe the QPY. Each of the photocurrent data was recorded at the same time of 

the surface exposure to gases in the upper UHV chamber (refer Chapter 2, section 2.3.2), 

thus the dosing efficiency of gases would be 10-100 times less as the gases were admitted 

from the bottom chamber. Figure 8(a) reveals the emitted photocurrent as a result of 

exposure to hydrogen, and was later followed by oxygen dosages. Exposure of the clean 

diamond to molecular hydrogen (8 iii) has increased a small amount of photoyield to 550 

pA, whereas the photoyield of clean diamond on the exposure to atomic hydrogen (8 i) has 

risen sharply to 800 pA in 5 min and become saturated. The surface hydrogenated with 

atomic hydrogen was later exposed to molecular oxygen (8 ii) or to atomic oxygen (8 iv), 

with the latter showing an exponential decrease in photoyield to 300 pA within 30 min. 

Molecular oxygen however showed merely a slight photoyield reduction to 700 pA. In 

contrast to 8(a), the emitted current in figure 8(b) are shown as a function of exposure to 

oxygen first, and the sample was later exposed to hydrogen. As soon as atomic oxygen 

was admitted, the emitted photocurrents decreased greatly in magnitude from the initial
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photoyield of 460 pA to 130/?A within 30 min (8 viii). Re-exposure of the atomic oxygen 

terminated surface to atomic hydrogen (8 vi) has shown a very slow recovery in 

photoyield to the value of the clean diamond surface and even for long hydrogen doses the 

emitted photocurrent never recovers to the value seen without oxygen (atomic) dosing. 

Exposure of clean surface to molecular oxygen reduces a little photoemission (8 vii), but 

re-hydrogenation of the surface produces a good photoyield to 680 pA (8 v).
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Figure 8. (a) The exposure of clean (after annealed and let cool) diamond to (i) atomic hydrogen, 
(in) molecular hydrogen, and hydrogenated surface (i) was later treated by molecular oxygen to 
(ii), and atomic oxygen to (iv); (b) The exposure of clean diamond to (vii) molecular oxygen, and 
(viii) atomic oxygen, and both were later treated by atomic hydrogen to (v) and (vi) respectively
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From the figure 8, it is clear that the photoyield is very sensitive to the amount of 

oxygen coverage (from the XPS Qls/Cls ratio) on the diamond surface, independently of 

how the oxygen was dosed onto the surface, be it prolonged exposure to an ambient 

atmosphere, exposure to the oxygen atom beam source, or even electrochemical oxidation 

[10]. The dependence of photoyield on the O:C surface coverage measured in XPS is 

shown in figure 9, where a near linear decrease in photoyield with the increase of oxygen 

coverage occurs up to O:C values of 0.1, at which point the photoyield has dropped to 

negligible values.

900

800

Q. 700

1 600

§ 500
o
o 400

-§" 300 - 

f 200
LU

100

0
0.05 0.1 0.15 0.2 0.25

Normalised O1S/C1S
0.3

Figure 9. The emitted photocurrents of the hydrogenated diamond as a function of the surface 
oxygen coverage

The effects under various surface treatments on diamond were studied in order to 

know the surface compositional functionalities, individually induced by different gas 

dosages. The respective Cls XPS peaks at the end of each surface treatment are revealed 

in figure 10, where each deconvoluted peak has been fitted carefully using Gaussian Peak 

fitting. The bulk Cls peak for the as-grown sample is positioned at 284.0 eV in the XPS 

spectrum. Generally, the Cls will shift to higher binding energy to 284.4 eV with the
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surface exposure to hydrogen, and will shift to lower binding energy at 283.1 - 283.5 eV at 

high oxygen dosages.

From the figure 10 (i) - (iv), the effect of oxygen dosed on the hydrogen surface is 

investigated. Under the dosage of atomic hydrogen, the diamond surface was 

contaminated with small amount of oxygen, which may due to the fact that the dosing was 

performed in the upper chamber, instead of being dosed in front of the microwave atomic 

beam source. The polyhydride region which is due to -CHX, x > 2 species, positioned at + 

0.5 eV relative to C Is peak has clearly increased (ii), as compared to as grown (Chapter 2 

- 2.13.2) or molecular hydrogen (i). After the exposure to atomic oxygen, the related area 

of oxygen functionalities increases within the + 2.0 - 3.5 eV (relative to bulk peak) for 

ether and hydroxyl, and + 4.0 eV for carboxylate related species (iii). This increase is 

followed concurrently with the decrease of polyhydride peak. Molecular oxygen has little 

effect on inducing carboxylate species, whether on pre-hydrogenated surface of (iv) or 

clean surface of (v).

The effect of hydrogen dosed on oxygen is shown as (v) - (viii) in figure 10. The 

atomic oxygen dosed on clean diamond surface is shown to be very effective in inducing 

carboxylate related species up to a much higher binding energy region, + 4.0 - 7.0 eV. 

The effect under the exposure of such oxygenated diamond to hydrogen was examined. 

Sharp decrease for the highly oxygenated functional group region in Cls peak was shown 

after the exposure to atomic hydrogen (vii).
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Figure 10. XPS Cl speaks for each surface treatments, as grown (clean) surface being exposed to 
(i) molecular hydrogen, (ii) atomic hydrogen, (in) atomic oxygen on H-surface, (iv) molecular 
oxygen on H-surface; and, as grown surface being treated with (v) molecular oxygen, (vi) atomic 
oxygen, (vii) atomic hydrogenation on O plasma terminated, and (viii) atomic hydrogen on Oi 
treated. Note the line passing 0 eV referred to bulk peak, the line passes 1 eV referred to 
polyhydride groups, and the line passes 2 eV is referred to ether/hydroxyl components, and the 
deconvolutedpeak at highest energy (+ 4.0 eV) referred to carboxylated-related species
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The oxygen coverage of each treated diamond under UHV (as revealed previously 

in figure 10) is calculated and the data is shown in figure 11, with the comparison made to 

as-grown and air-exposed surfaces. The diamond surface which is oxygenated under 

atomic oxygen source on clean (vi) or prehydrogenated (iii) have shown the highest 

oxygen coverage with nearly half a surface oxygen monolayer. Exposure of oxygenated 

surfaces to atomic hydrogen has decreased the oxygen coverage by a factor of 2-3, 

whereas the exposure of hydrogenated to atomic oxygen has shown a sharp increase by a 

factor of nearly 5-10.

0.12

0
As- Air- 

grow n exposed
(ID («0 (iv) (v)

Surface treatments
(vi) (vii) (viii)

Figure 11. The normalised oxygen coverage of different treatments, compared to as-grown and 
air-exposed diamond, (i) molecular hydrogen on clean diamond, (ii) atomic hydrogen on clean 
diamond, (Hi) atomic oxygen on (ii) surface, (iv) molecular oxygen on (ii) surface; (v) molecular 
oxygen on clean diamond, (vi) atomic oxygen on clean diamond, (vii) atomic hydrogen on (vi) 
surface, and (viii) molecular hydrogen on (vi) surface

6.3.2.2 Photoyield Study of K on Diamond

Adsorption of metals on photocathodes can usually enhance the photoyield in terms of 

surface fabrication into a more controllable manner. Alkali metals, K and Cs, have been 

chosen and deposited on both hydrogenated and oxygenated diamond surfaces. Figure 12 

shows the K uptake on hydrogenated and oxygenated surfaces respectively, along with the 

emitted photocurrents when the length of deposition varies. For figure 12 (a), the initial 

photoyield of 800 />A for hydrogenated diamond has increased gradually with the
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increases of K dosages and has reached saturation level at 6200 pA with a K:C ratio of 

0.15. Further increases of K uptake to one monolayer of surface coverage will have 

effect on the photoyield enhancement.
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Figure 12. The dependence ofphotoyield (left vertical axis) and K uptake (right vertical axis) on 
the deposition ofK on (i) H-surface, and (ii) O- surface at substrate temperature of 300 K at a 
supplied current of 6.4 A

The initially oxygenated diamond (figure 12 b) with very low photocurrent of 130 

has increased drastically as soon as the K was deposited. The photoyield of 

K/O/diamond increased concurrently with the K uptake, as the length of K deposition 

period increased. The saturation level was reached with a photoyield of 7200 pA at a K:C 

ratio of 0.24 (of a K surface coverage of nearly one monolayer) after 10 min K deposition.
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Figure 13 shows the photoyield of the surfaces after being exposed to molecular 

oxygen at a pressure of 2 x W6 mbar, resulting a rapid reduction in photocurrents of 

nearly 50 % for K/H and K/O surfaces, after 5 min. The photoyield was saturated at 30 

min with photoyields of 1250 pA for K/H and 1510pA for K/O surfaces at surfaces O: C 

of 0.21 and 0.35 respectively.

7000

(i) O K/H 
ii« K/O

0 30 60 90 120 150
Length of oxygen treatment/ mins

180

Figure 13. The time 
dependence of 
photoyield with the 
exposure of(i) K on H- 
surface, and (ii) K on 
O-surface to molecular 
oxygen

The possibilities of restoring the photoyield for the Q2 terminated surfaces was

tested by re-exposing the surfaces to atomic hydrogen at a pressure of 2 x 10"6 mbar. 

Figure 14 shows sharp increases of photoyields to 2700 pA for both of the re-exposed 

surfaces, Oa/K/H and O2/K/O to atomic hydrogen for the first 2 min. There is no 

difference between the two environments, Oi/K/H and Oi/K/O upon the treatment by

atomic H.

(i) o 02/K/H 
O2/K/O

5 10 15 20 25 30

Length of hydrogen treatment/ mins

Figure 14. The time 
dependence of 
photoyield with the 
exposure of(i) O/K/H 
and (ii) O2/K/O to 
atomic hydrogen

270



Chapter 6

The surface compositional changes on K/H and K/O surfaces were monitored by 

XPS. The uptake of K on the hydrogenated surface is evidenced by the K 2p states (K 

2p3/2 at 295.6 eV and K 2p1/2 at 298.4 eV) with insignificant chemical shift being observed 

during the K deposition. This is followed concurrently with the decreases of C Is 

intensities. By dosing the K/H to the molecular oxygen (15 i b), both of the K 2p states 

have shifted to lower binding energy with a magnitude of ~ 1.8 eV and with the increases 

of K intensities. With the exposure to atomic hydrogen (15 i c), the individual chemical 

states of K 2p have shifted back to 294.9 eV and 297.7 eV.
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15-e
05

CO

I

278 280 282 284 286 288 290 292 294 296 298 300 302 304

Binding energy/eV
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13
 
CO

toc

Vw^A^wx/-^

278 280 282 284 286 288 290 292 294 296 298 300 302 304

Binding energy/ eV

Figure 15. The XPS ofK uptake (0 - 1 ML) on (i) hydrogenated, and (ii) oxygenated surface for 
"a region" with increases of time, later being exposed to 16200 Langmuirs molecular oxygen 
("b") and "c" being re-exposed to atomic hydrogen; the lines are drawn as references relative to
the initial respective binding energies
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Oxygenated surfaces show C is binding energy at 283.6 eV (figure 15ii and 16), 

and the deposition of K had shifted both the C Is and the chemical states of K 2p to higher 

binding energies (15ii a). The trend of chemical shifts of K 2p for K/O are similar to K/H 

after the surface were exposed to molecular oxygen, or later with atomic hydrogen. The C 

Is peaks in XPS for K/O surface at different surface treatments were fitted, as shown in 

figure 16. A big increase of metal-carbon peak (~ +2.3 eV) arises clearly next to bulk 

peak along with the deposition of time.
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Figure 16. The changes of XPS peak fitted Cls peaks with the deposition ofK on O-terminated 
surface (i)-(vi) with OMLK(i), 0.2 ML K(ii), 0.45 ML K (Hi), 0.60ML (iv), 0.80 ML (v) and LOO 
ML K (vi), later being exposed to 16200 Langmuirs molecular oxygen (vii), and re-exposed to 
atomic hydrogen (viii); the lines are drawn across 283.5 eV as a reference to the initial binding 
energy (O-surface)
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6.3.2.3 Photoyield Study of Cs on Diamond

The same experiments have been repeated for Cs deposition. Figure 17(b) shows a 

significant increase in reflective mode photoyield for the Cs deposited surface, particularly 

on the pre-oxygen-terminated surface with an optimum photoyield of 10 nA, as compared 

to 7 nA for Cs/H-terminated surface (figure 17a). As a similar case to K/H, the emitted 

photocurrent from the Cs/H surface was saturated before the full Cs coverage, by which 

the Cs:C is observed at ~ 0.10. The photoyield for Cs dosed on an O-surface increases 

linearly with the increases of Cs:C ratio. The saturation dose is achieved at 0.15, which is 

equivalent to a monolayer of Cs on the surface.

17 (a) Cs/H/Diamond
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Figure 17. The dependence of photoyield (left vertical axis) and Cs uptake (right vertical axis) on 
the deposition ofCs on (i) H-surface, and (ii) O- surface at substrate temperature of 300 K at a 
supplied current of 1.6 A
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Significant damages on photoyield performance were shown for both Cs/H and 

Cs/O surfaces as soon as with the admittance of molecular oxygen. The emitted 

photocurrent from the Cs/O surface decreased to nearly half of the initial value after the 

exposure to oxygen for 30 min at a pressure of 2 x 10"6 mbar. After 3 hours, the 

photocurrent was saturated at 2800 pA at a surface O: C ratio of 0.46. Cs/H surface shows 

a similar decrease rate and at the end of 3 hours exposure, the photoyield left was about 

1400 pA at O: C ~ 0.36. Therefore, the Cs/O surface has shown the best photoyield 

emitter even with the corrosion of molecular oxygen, as compared to K/H, K/O or Cs/H 

surfaces.
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(i) O Cs/H 
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Figure 18. The time dependence of photoyield with the exposure of(i) Cs on H-surface, and (ii) 
Cs on O-surface to molecular oxygen

With the re-exposure of the treated surfaces in figure 18 to atomic hydrogen, the 

emitted photocurrents increased drastically up to 7550 pA for O2/Cs/O and 3400 pA for 

O2/Cs/H surfaces. This result is shown in figure 19. The restored photoemitting Cs 

surfaces show higher photoyields than the restored K surfaces (were shown earlier in 

figure 14).
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Figure 19. The time dependence ofphotoyield with the exposure of(i) O^Cs/H and (ii) O^Cs/O 
to atomic hydrogen

In figure 20 (i), the surface coverage by Cs deposition on the hydrogenated surface 

was monitored by XPS, showing the linear increase of both Cs 3d chemical states (Cs 

3^5/2 at ~ 726.3 eV and Cs 3d3/2 at ~ 740.4 eV) for H-surface, without chemical shifts 

involved. However, with the exposure to molecular oxygen, figure 20 (i b), the chemical 

states of Cs 3d have shifted to lower binding energy of a factor of 1.8 eV, and recovered 

back to higher binding energy at 725.2 eV and 735.5 eV after being exposed to atomic 

hydrogen (c).
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Figure 20. The XPS ofCs uptake (0-1 ML) on (i) hydrogenated, and (ii) oxygenated surface for 
"a region" with increases of time, later being exposed to 16200 Langmuirs molecular oxygen 
("b ") and "c " being re-exposed to atomic hydrogen; the lines are drawn as references relative to 
the initial respective binding energies

For the deposition of Cs on the oxygenated diamond surface, the binding energies 

for both Cs 3d chemical states have shifted from the initial 723.7 eV for Cs 3d5/2 and 738.7 

eV for Cs 3d3/2 to higher binding energy of 726.0 eV and 740.5 eV respectively at a 

monolayer of Cs surface coverage. A similar trend to Cs/H is observed as the chemical 

states of Cs 3d were shifted to lower binding energy (- 1.4 eV) with the exposure to 

molecular oxygen (b) and were later shifted to higher binding energy (+ 0.8 eV) relative to 

(b) after the photoemitting surfaces were restored with atomic hydrogen (c).

With the increase in Cs deposition, the XPS intensities for C Is peaks decreased 

with the emerging occurrence of chemical shifts towards higher binding energy 

accordingly to the increases of + 0.3 eV per 0.1 Cs monolayer formed on O-surface (figure 

21). The deconvoluted peaks at + 0.5 eV relative to the bulk C \s had arisen as a 

competitive major peak along with the increases of Cs dosage up to a Cs monolayer 

coverage (i) - (vi). The earlier assignment of this peak to polyhydrides should be ruled 

out, and thus should be attributed to diamond-metal bonding.
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Figure 21. The changes of XPSfitted Cls peaks with the deposition ofCs on O-terminated surface 
(i)-(vi) with 0 ML Cs (i), 0.2 ML Cs (ii), 0.45 ML Cs (in), 0.60 ML Cs (iv), 0.80 ML Cs (v) and 
1.00 ML Cs (vi), and was later being exposed to 16200 L molecular oxygen (vii), and re-exposed 
to atomic hydrogen (viii); the lines are drawn across 283.5 eV as a reference to the initial binding 
energy O-surface

The relative change in 01s peaks for the series of Cs deposition on the oxygenated 

diamond surface (as shown in figure 22) demonstrates that the peak at 532.7 eV has split 

into three minor peaks with smaller intensities, whereas the peak at the lower binding 

energy of 531.6 eV increased simultaneously with increasing Cs deposition. The four
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deconvolved peaks remain in relatively similar ratios of intensity throughout the Cs 

dosages (i) - (v), at similar O Is binding energy. With the admittance of molecular 

oxygen (vi), the O Is shifted to 530.4 eV with the same remaining deconvoluted peaks. 

However, with the exposure to atomic hydrogen, only three major peaks under O Is were 

visible, by which the peak at 531.6 eV in the middle of the three happened to have the 

highest intensity.
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Figure 22. XPS ofOls peak with the deposition ofCs on O-terminated surface (i)-(v), with 0 ML 
Cs (i), 0.2 ML Cs (ii), 0.6ML Cs (Hi), 0.8 ML Cs (iv) and 1.0 ML Cs (v), and was later exposed to 
16200 L molecular oxygen (vi), and later to atomic hydrogen (vii)
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6J.2.4 Photoyieid Studies on Thermal Stability of Alkali Metals

An ideal photocathode should possess the properties of good photoemission, and at the 

same time the surface is required to withstand a high thermal stability for the application 

in harsh environments. The enhanced photoyields of diamond by alkali metals deposited 

on H- or O-surfaces have been investigated on such aspect, by subjecting the individual 

samples to a gradual increase of temperature for 10 min in UHV. The effects of annealing 

on the K deposited surface are shown in figure 23a. K/O shows higher photoyield than 

K/H as the annealing temperature increases. Both of the surfaces suffered from a sharp 

reduction (> 50 %) in emitted photocurrents as the temperature reached a cut-off point of 

400 °C, with the occurrence of the rapid fall in K: C ratios shown in the inset. When this 

ratio dropped down to very low values, the photoyield became insignificant.
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Figure 23a. The thermally dependence of photoyield for the K on (i) H~surface, and (ii) O- 
surface, with the inset showing the normalised K2p3/2 intensities when the temperature increased 
for (Hi) K/H and (iv) K/O surfaces

Caesiated surfaces were also annealed for similar purposes, and the result is shown 

in figure 23b. The trend of the decrease in photoyield by annealing temperature was quite 

similar to the K-surfaces, except for the comparatively higher photoyield obtained even 

with the temperature up to 400 °C. The photocurrents decreased as the Cs: C ratio

declined.
279



1

10000

8000

6000

8 4000 -
-J5 
O

°- 2000 -I

0

Chapter 6

200 400 600 800 
Temp/°C

200 400 600 
o,

800 1000
TempTC

Figure 23b. The thermally dependence of photoyield for the Cs on (i) H~surface, and (ii) O- 
surface, with the inset showing the normalised Cs3d5/2 intensities when the temperature increased 
for (Hi) K/H and (iv) K/O surfaces

In brief, the oxygen-pretreated surfaces tend to provide better thermal stability than 

hydrogenated surfaces in the temperature region below 200 °C, and the Cs/O surface 

shows the best in thermal stability.

6.3.3 Transmissive Photoemission Mode

6.3.3.1 Surface Characterization

Three types of freestanding diamond were investigated for transmission mode 

photoemission studies, the home-grown diamond (30 hours, black in colour), the industrial 

black diamond (thermal management graded) and the industrial white diamond (optical 

graded). The diamonds were characterised for the front and backsides, by the means of 

AFM, SEM, XPS and Raman spectroscopy. The AFM in figure 24 reveals the much 

greater smoothness of the back (substrate, b) face over the front (growth) face, with the 

root mean square roughness of the substrate and growth faces being 33.87 nm and 145.89 

nm respectively. The diamond paste scratching effect on silicon as substrate was reflected 

on the backside of the free standing diamond, showing the presence of horizontal marks
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on the Si substrate. The height of the vertical extent of the front face is 1000 nm; while 

for the back face, it is 250 nm.

(a)

(b)
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Z 350nm/div

Figure 24. AFM of home-grown black diamond with 2-dimensional (left column) and 3- 
dimentional imaging; (a) growth side and (b) substrate side

Figure 25 shows the SEM images of the growth and back faces for optical graded 

white freestanding diamonds. The thermal management graded black diamond (not 

shown) has the same morphological surface features as figure 25.

Figure 25. SEM of optical graded white diamond; showing front side (left) and back side
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The surface composition of both sides of the home-grown etched diamond film 

from Si substrate was investigated through XPS. The front side (see figure 26a) has a 

typical diamond C Is peak positioned at 284.3 eV with small contamination of O Is and 

no visible Si 2p3/2 signal. The bulk C Is peak is positioned at 283.9 eV for backside 

diamond (26b), revealing the existence of a large peak at lower binding energy, -1.6 eV 

relative to the bulk C Is peak. This peak could be due to the large concentration of 

defective carbonaceous impurities, which may have formed together with Si-C bonding 

layers at the earliest nucleation and growth stage.
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Figure 26. XPS fitted C Is peaks of chemical etched free standing home-grown diamond 
membrane, for (a) front side and (b) backside

The Raman spectra of three different diamond samples are shown in figure 27, 

revealing that the optical grade white diamond (a) has the highest quality of diamond on 

both sides. This is followed by our home-grown black diamond (c), with an insignificant 

amount of the non-diamond broad peak centred at 1550 cm" 1 , and an acceptable amount of 

impurities on the back side. The thermal management black diamond (b) is of the poorest 

quality, with profound graphitic and amorphous properties particularly for the backside of

the diamond.
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(b)

(c)

200 600 1000 1400 1800
Wavenumber/ cm"1

Figure 27. Raman spectra of growth side (dark black line) and substrate side (light grey line) for 
optical grade white diamond (a), thermal management grade black diamond (b), and home-grown 
black diamond (c)

6.3.3.2 Photoyield Studies

All types of freestanding diamond membranes were hydrogenated on both growth and 

substrate sides for an hour in the microwave chamber at a power of 1.2 kW, a platen 

temperature of 650 °C, with a total pressure of 45 Torr and a hydrogen flow rate of 200 

seem. The membranes were later placed in the set up (in figure 1 b), in order to measure 

the emitted photocurrents from front side (reflective mode) and backside (transmissive 

mode) for the respective growth or substrate faces (illustrated in details in figure 28).

Growth 
side Substrate^/ 

side

Substrate" 
side Growth^/ 

side

Figure 28. On facing the uv, the (a) reflected photocurrent from growth side, (b) transmitted 
photocurrent from substrate side, (c) reflected photocurrent from substrate side, (d) transmitted 
photocurrent from growth side
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The photocurrent measured for a hydrogenated home-grown black diamond 

membrane (40 jum thick) is shown in figure 29, with reflective and transmission-mode of 

photoyield were made comparison to the growth or substrate faces of diamond. The 

results reveal that the reflective mode emission from the growth side has the highest 

photoemission at 720 pA, and levelled off after - 200 V. This trend is followed by the 

emission reflected from the substrate side for diamond with 350 pA, half of the emitted 

current from the growth side. The transmitted photocurrent from the substrate side is 

about 250 pA (c), which is higher than the 100 pA transmitted photocurrent from the 

growth side (d).

0 100 200 300
Voltage bias/ V

400

Figure 29. The photoyield of combined reflective and transmissive mode of photoemission study 
of home-grown black diamond for (a) reflected photocurrent from growth side, (b) reflected 
photocurrent from substrate side, (c) transmitted photocurrent from substrate side, and (d) 
transmitted photocurrent from growth side

For the industrial made optical graded white diamond, the order of photoemission 

efficiency is similar. Figure 30 shows the reflective and transmission mode of 

photocurrents measured from films with different thickness, ranging from 4 |um to 100 jam
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presumably they are of the same high quality. The absolute current emitted from the near 

side (reflective mode of either growth or substrate) serves as the best emitter with a steady 

increase up to 1300 pA (a) or 440 pA (b) at a film thickness of 50 jum and levelled off at 

higher thickness, both for reflective mode of emitted current from growth side (a) and 

substrate side (b). In the transmission mode, the emitted current from substrate side as the 

far face from uv light (c), increased in the similar manner as such of the previous reflective 

mode, but decreased sharply (> 70 %) when the thickness of the diamond film was greater 

than 100 pm. However, the emitted current from growth side via diamond film (d)

remains independent of the diamond thickness, as they emitted the lowest photocurrent - 

average 72 pA. In brief, diamond with a film thickness of 50 nm shows the highest 

reflective and transmission mode emission.

0 10 20 30 40 60 60 70 80 90 100
Thickness/ jjm

Figure 30. The photocurrent of optical grade -white diamond, emitted from the reflective mode of 
(a) growth side, (b) substrate side, and the transmissive mode from (c) substrate side, (d) growth 
side

The wavelength selectivity of photocurrents for the white diamonds was further 

manipulated as a ratio of the photocurrent emitted from the back (or far) face, Itrans to the

photocurrent reflected from the front (or near) side, Irefl, relative to the uv light direction.
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Figure 31 (a) and (b) shows the ratio Itrans: Irefl for either growth or substrate as front side 

for two different filters, above and below diamond band gap respectively, revealing that 

the ratio remains unchanged when the film thickness is varied for growth as the near face 

to uv (i). However, when the substrate side of the diamond is the face nearer to uv, the 

ratio increases sharply at a film thickness of 15 jum when both 186 and 252 nm filters are 

in place, although the ratio magnitude of 252 nm is 4 times greater than the 186 nm filter. 

The Itrans: Irefl ratios with both filters in place were later decreased with the thicker films.
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Figure 31. The Itrans/Irefl ratio ofphotoyield with filters (a) 186 nm in place, and (b) 252 nm in 
place for (i) substrate or (ii) growth as front sides facing to uv direction as a function of the 
thickness of optical graded white diamond

Thermal management graded black diamond (200 jum thick) has a very high 

collected total current for both sides of the diamond with a higher absorbed current for the 

substrate side than the grown side. In descending order of measured photocurrents we 

have, interestingly, reflective mode of substrate, reflective mode of grown side, 

transmission mode of substrate side, and lastly the transmission mode of grown side. 

However, with the 186 nm filter in place (data not shown), the order has changed to the 

similar trend as shown for the cases of optical grade white diamond and home-grown 

black diamond.
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The comparison of the emitted photocurrents from both reflective and transmissive 

mode is shown in Table 1. Higher non-diamond properties of substrate side for thermal 

management graded black diamond and home-grown black diamond have shown to be the 

better total photocurrent collectors, with ~ 3000 pA being collected. However, by 

rationalizing the ratio of back side to total collected photoyield when growth side faces the 

wv, the optical graded white diamond produce the best transmissive mode photoemitter 

with a successive transmittance (Itrans/Irefl) of 20 %, compared to 14 % for thermal 

management grade black diamond, and 13 % for home grown black diamond. In contrast, 

the thermal management grade black diamond is a better phototransmitter of 15 % in the 

sense of transmitting electron when the substrate sides is faced to wv, as compared to ~ 6 

% transmission for optical white diamond, and 4 % for home grown black diamond.

Table 1. The emitted photocurrents from growth or substrate side of diamond membranes 
toward uv direction

Type of 
Diamond

Optical graded 
white diamonda)
Thermal graded 
black diamondb)
Home-grown 
black diamondc)

Growth ^x^ ^™ ) 
side Substrate X 

side

Substrate^- 9 
side Growth 

side

Emitted photocurrent from

Growth faces wv/ pA

Total 
collected 
current

2150

2450

1650

Reflected

1300

1250

704

Transmitted

418

345

217

Substrate faces uv/ pA

Total 
collected 
current

1290

3100

3000

Reflected

440

1620

356

Transmitted

72

465

105

Notes; the cross-sectional thickness of a) 50 urn, b) 200 um, c) 40 um
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6.3.4 Analysis of the Filters

The transmission of light through the filters should be similar (approximately 15 % of 

incident light is transmitted in the appropriate range for both filters used in experiment), 

though there are still different intensities of light at different wavelengths reaching the 

samples since the deuterium lamp emits different intensities of photons at different 

wavelengths.

The uv photodiode was used to work out the flux of photons reaching the samples 

for different filters in order to determine the quantum photoyields. It was placed in the 

same position as the diamond samples and a voltage was recorded, which was then 

converted into current (an order of 10"6 A). Using this value and the knowledge that the 

responsivity of the photodiode is 0.12 A/W at 190 nm, 0.14 A/W at 250 nm, and 0.15 

A/W at 340 nm, the photon flux can be calculated for the various filters. The photodiode 

responsivity is the measure of sensitivity for optoelectronic, for the ratio of the 

photocurrent output in amperes to the radiant energy (in watt) incident on the photodiode. 

The responsivity is a function of the wavelength of the incident energy, reflections and 

internal resistance. Table 2 shows the different voltages given by the photodiode and the

calculated photon flux from the equation 2 and 3,

Power =

Current = Voltage x 10"6

Current he _,= — x Photon flux
Responsivity A,

Table 2. Photon flux with and without filters in use

(eqn 2)

(eqn 3)

Filter
None

186 nm

252 nm

Photodiode voltage/ V
12.9

0.123

0.150

Power/ W
9.21 x 10'5

1.02XHT6

l.OTxlQ-6

Photon flux/ photon s" 1
1.16xl014

9.60 xlO 11

1.36 xlO12

An average reduction in photocurrent from the photocurrent without filter when 

the two different filters are put in place is calculated from a selection of results. The
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values are 11.18 % for 186 nm filter and 0.128 % for the 252 nm filter, showing the 

efficiency of 186 nm light in producing a photocurrent relative to 252 nm light. This is 

reflected in the absorption spectrum of diamond shown in figure 32. The absorption is 

related to the percentage of light absorbed by the sample using the Beer-Lambert law 

relationship,

= -Abs (eqn 4)

where / is transmitted light, /0 is incident light and Abs is absorbed intensity (absorption) 

as given by the uv spectrometer.

2.956

2.B00

z.600

2.406

2.254
193.0 200.0

(a)

210.0 220.0 
WWELEHGTH

6.103
6.000

250.0

3.000 h

2.439
190.0 200.0 210.B.._.._220.0. 230.0 256.0

Figure 32. The uv spectra of optical graded white diamond with the thickness of (a) 4 jum, and (b) 
50 pm

Figure 32 shows the cut off band gap for optical graded white diamond at 225 nm 

(5.5 eV). For above band gap absorption, more uv is absorbed for thicker diamond film of 

50-jLim with 99.3 % efficiency (Abs = 5.0), compared to 4-jnm thin white diamond with 

94.4 % absorbed light (Abs = 2.9). At sub band gap absorption, 90.6 % (Abs = 2.4) of 

light is absorbed for 4-jj,m diamond film whereas 93.4 % (Abs = 2.72) for 50-jim thick

diamond.

The photon fluxes given above can be used in conjunction with the photocurrent to 

calculate the quantum photoyield (QPY) of the samples. This process involves calculating
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the number of electrons emitted from the sample (each ampere is a coulomb/s and e = 

1.602 x 10" C) and dividing by photons incident upon the sample. The tabulated data in 

Table 3 shows the summarised QPY for different treated surfaces.

Photoyield (A)

QuantumPhotoyield, QPY =
Photon flux (photon s~ ) (eqn 5)

Table 3. Averaged Quantum Photoyield (QPY) of various treated surfaces

Treated 
surfaces

As-grown
H2 molecular

H plasma
62 molecular

O plasma
K/H/C
K/O/C
Cs/H/C
Cs/O/C

Without filter

Photoyield/ pA

480

550

800

380

130

6200

7200

7000

10000

QPY/ arb units

2.58 x 10"5

2.96 x 10'5

4.31xlO"5

2.04 x 10'5

7.00 x 10"6

3.34 x lO"4

3.87 x 1Q-4

3.77 x 10"4

5.38 xlO"4

With filters

186 nm

QPY/ arb units

3.49 x 10"4

4.00 x 10"4

5.82 x 10"4

2.76 x 10"4

9.45 x 10"5

4.51 x 10"3

5.23 x 10"3

5.09 x 10"3

7.27 x 10"3

252 nm

QPY/ arb units

2.82 x 10"6

3.23 x 10"6

4.70 x 10"6

2.23 x 10"6

7.64 x 10"7

3.64 x 10"5

4.23 x 10"5

4.11xlO"5

5.88 x 10"5

Notes: 1186 =11.18 % x {Photoyield without filter}; 1252 = 0.128 % x {Photoyield without filter}

Analysis of the results for the calculated absolute QPY at a wavelength of 186.8 nm, 

reveals a range from 4 x 10"4 to 6 x 10"4 for the hydrogenated diamond surface (whether 

the surface was dosed by means of H2 or H), which is in good agreement with the results 

of absolute QPY measured by A. Breskin et al [4] and A. Hoffman et al. [11] at this 

specific wavelength, with the range measured being between 10" to 10" . Whereas the 

QPY measured at 252 nm in place for H-surfaces shows a similar order of 10"6 .
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6.4 Discussion

6.4.1 Growth and Comparison

(j)_ Growth phases of diamond

Highly oriented {100} with microcrystallites diamond thin films have been produced 

successfully on single-crystal silicon substrates. However, the early growth stages suffer 

from the presence of non-diamond carbon phases (Raman figure 4), possibly due to the 

deterioration of the crystallites by various bulk defects [12], such as twinning, dislocation 

and stacking faults, coupled with the presence of high lattice mismatch (52 %) for 

diamond-silicon interlayers, which would in turn result in the deposition of amorphous 

and graphitic layers. For the later growth stages, the nucleation and growth of diamond 

preferentially takes place on the stage where C and Si coexist [13,14] due to lower lattice 

mismatch (22 %) in between diamond and SiC. This interlayer would form the 

fundamental and strong adhesive layer for further diamond growth phases, and so the 

quality of diamond increases.

Previous studies of CVD diamond photocathodes have identified that the material 

exhibits significant quantum photoyields in the deep wv region, which is promising for 

device operation in "harsh" environments, and that hydrogenation increases the quantum 

yield, probably largely due to a lowering of the electron affinity of the sample [11,15,16]. 

It is also clear that the devices studied exhibit significant emission at energies below the 

diamond band gap, due to the presence of non-diamond carbon.

The two main issues concerning any photocathode material are the overall 

quantum yield of the devices involved, which determines overall sensitivity, and their 

wavelength variation upon which spectral response depends. The observations reported 

here demonstrate that the photoyield increases rapidly for short growth times (phase 1), 

then decays as the surface becomes covered in diamond (phase 2) before rising again as 

the diamond film gradually thickens (phase 3).
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(a)
EC

EF

EV

EF

A

5.0 eV

Vacuum 
level

Vacuum 
level

Figure 33. Schematic diagram of the potential distribution in front of the graphite-diamond 
junction for hydrogenated diamond; (a) top and bottom is the band diagrams of diamond and 
graphite respectively, (b) the image potential in front of the junction is given in the form of 
equipotential lines; a similar band diagram for silicon could be assigned -with a work function of 
4.67 eV

In phase 1 (from silicon to 10 hours growth), the NBA (hydrogenated) diamond 

surface is laid upon a positive electron affinity surface of the silicon. This can assist the 

emission from silicon, either by transport of electrons from silicon to diamond before 

emission, or perhaps electrons are more easily emitted from the silicon surface because of 

the nearby presence of an NBA diamond surface. Apart from the role played by Si, 

previous studies on diamond-graphite composites [9,17] prepared by mixing 

nanocrystalline powders have shown that the two phases in contact have a synergistic 

effect on each other in enhancing electron emission, since electrons emitted from graphite 

in a diamond matrix see an energy barrier corresponding to the work function of NBA 

diamond (see figure 33). It is possible that this effect is also responsible for the present 

observation since the phases present at short growth times certainly contain a mixture of 

carbon phases, of which diamond is dominant. The potential near a surface does not fall 

immediately to the vacuum potential but rather there is a potential gradient that varies

inversely with the distance from the surface and asymptotically approaches the vacuum
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level with the work functions for Si and graphite respectively of 4.67 eV and of 5.0 eV. 

Electrons emitted from Si or graphite near the Si/graphite-diamond junction can take 

advantage of the diamond potential gradient to be emitted more easily.

The diamond grown in this early stage of phase 1 is in the form of discontinuous 

nuclei crystals (see SEM a,b in figure 2), which would assist the transport of electrons via 

the conductive pathway along the isolated diamond-particle surface. These conductive 

layers are mostly derived from the non-diamond particles embedded in the grain 

boundaries or interfacial structure which is rich in defective and carbonaceous materials, 

forming good conduction channels and alleviating the photoemission to take place 

efficiently [18,19].

In phase 2 (around 15-20 hours growth), a complete diamond film has been formed 

on silicon. The decreasing amount of silicon no longer plays a role in photoemission. The 

thin and poor quality diamond film is a poor emitter compared to the semiconductor, so 

the photocurrents fall off. At a wavelength of 186 nm, light is absorbed within about 100- 

1000 nm of the surface [20] and the photoyield is roughly proportional to the reciprocal of 

the absorption length, suggesting that it is the comparatively inefficient diffusion of 

carriers to the surface which limits the photoyield.

In phase 3 (> 20 growth hours), the crystallographic quality of the diamond 

improves as the film thickens. Improvements in crystalline quality are expected to 

enhance the electron carrier diffusion, so an increase in photoyield is expected, although 

other changes such as in the morphology of the surface cannot be ruled out.

As the growth time increases, there is an increase in the selectivity for 186 nm 

light over 252 nm light. The indirect band gap of diamond falls in between the two 

wavelengths, so the 252 nm light cannot excite electrons all the way from the valence 

band to the conduction band. Therefore, the emission with the 252 nm filter in place is 

due to electrons excited to or from defect states situated in the band gap. These defect

293



Chapter 6

levels are related to impurities, crystallographic defect such as dislocation, or defects 

occurring at grain boundaries [21], which are assigned to the defect levels at binding 

energies of 4.1 ± 0.1 eV (DO and 2.0 ± 0.1 eV (D2) [22], with Dj found in all diamond 

samples, and D2 is thermally induced by annealing in vacuo. Acceptor-like defects located 

in the range (1.2 - 1.3) ± 0.1 eV were also reported to be responsible for sub-bandgap 

photocurrent emission [23]. As the quality of the diamond increases, the below band-gap 

emission drops off, while normal emission increases as defect states in the band gap 

(which can act as traps for electrons diffusing through the diamond) are removed.

(ii) Quality of diamond

Different qualities of diamond can be produced, which can be attributed to the different 

localised temperature and gas compositions in regard to the distances from the plasma 

density. The photocurrent without filter and with the 186 nm filter increase as with the 

increases of the diamond quality (see figure 7), simply due to the fact that the graphitic 

species has a higher work function (-5.0 eV) without NEA which does not ascertain good 

emission. Therefore, the low quality diamond emits little photocurrent due to the low 

diamond content; and vice versa. With the 252 nm filter in place, the initial increase in the 

emission as the quality of film increases is due to the introduction of NEA, but at higher 

film quality, the emission decreases as the defect levels necessary for sub-band gap 

emission disappear. This would explain the increase in selectivity of the films.

As illustrated in figure 6, the surface termination of the materials play a significant 

part in controlling the photoyield. Although hydrogenation has little effect on the silicon 

substrate, the other hydrogenated phases emit significantly better than surfaces, which are 

annealed to partially desorb hydrogen, or those that are oxidised. Caesiated surfaces do 

however appear to be the best photoemitters of all. Hydrogen is generally considered as 

the ideal adsorbate for termination of the diamond surface since it introduces NEA so that
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barrier-less electron emission can occur from the bottom of the conduction band. 

Caesiation produces more downward band bending than adsorbed hydrogen, which 

increases the photoyield since it provides an enhanced field to transport the carriers to the 

surface. It is possible that the distribution of NEA and positive electron affinity surfaces 

on the crystallographically complex CVD interface is also dependent on the adsorbate (H 

vs Cs) and this can also be a factor [24]. It is notable that the surface treatments explored 

have the same qualitative influence on the photoemitter surfaces on the long and short 

growth time photoemitter surface. This again points to the energy barrier to electron 

emission for the latter samples being essentially determined by the diamond material 

present in the grown deposits, since for example hydrogenation of graphite makes no 

difference to the photoyield from this material, whilst having a strong effect on 

photoemission from diamond [25,26].

Though two different types of diamond, i.e. boron-doped and undoped have been 

used in this project, there is no difference in their performances of quantum photoyield 

being observed under the same condition of treatments. The only difference would be that 

the boron-doped diamond shows reduced dark current and faster response time in 

electrometer, which can be attributed to the presence of the higher conductivity of the 

samples [11] whereas, the charging effect induced on undoped diamond surface is due to 

low conductance.

295



Chapter 6

6.4.2 Reflective Mode 

6.4.2.1 Photoyield Studies

(i) Reflective Mode Behaviour of H and O Surfaces

The hydrogen terminated diamond surface is known to display an effective negative 

electron affinity and so unsurprisingly the hydrogenated surface shows good 

photoemission. The enhanced photoemission property is due to the surface dipole 

interaction arising from partially ionic C-H bonding and the reduced potential barrier at 

the surface. Subsequently, the accumulated electrons at the conduction band are eased for 

emission into the vacuum level, since the band is now lying above the vacuum level 

(figure 34 a). The C-H termination is also suggested to have lead to a breaking of the 

symmetry of the diamond structure, resulting in the formation of sub-bands, which will 

further increase the electron emission [27]. However, as discussed in previous Chapter 3, 

the potential of O contamination is significant to kill the photoyield.

Oxygen is more electronegative than carbon. Thus, a dipole opposite way to the 

C-H bond will be induced, raising the vacuum level above the conduction band minimum. 

Therefore, the electrons that are promoted to the conduction band cannot escape. Thus, 

NEA is destroyed and shifted to positive electron affinity with the low or the extinction of 

photoemitting properties. The transferred charge involved, A£> of 0.17 e is due to its high 

electronegativity as compared to 0.06 e for C-H bonding, by employing Pauling's 

electronegativity values (see equation 6 [28,29]) with xc = 2.55, xo = 3.44, XH = 2.20 [30]

+0.035 XX-XY 2) (eqn6)

where X and Y are the participating elements. The resulting surface terminations can 

consist of various carbon-oxygen single, double and bridging bonds or OH attachments, 

which will form a surface dipole with estimated 1.10 D (1 D = 3.336 x 10"30 Cm) on 

average. From equation (7), the difference in emission barrier height due to adsorbed
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atoms (A$ can be estimated, where |J, is the surface dipole, n is the adsorption sites per 

unit area, P is the surface coverage (%), and 8 is the dielectric constant of the vacuum,

8.854 x 10'12

junP
(eqn7)

The decrease of photoyield is rapid at lower coverage of chemisorbed oxygen and is 

saturated at an O: C ratio of 0.10 (see figure 9). At that ratio, the photoyield has degraded 

to an insignificant value, and equation 7 yields a A0 equivalent to 0.64 - 0.91 eV at this

15coverage; assuming the number of adsorption sites per unit area is around 2x10 atoms
-2 -2 15 -2cm'z (1.57 x 10 1J atom cnT for {100} and 2.22 x 10° atoms cmi for {111} surfaces).

One scenario to avoid oxygen poisoning of photocathodes would be to use 

photocathode in in-situ active hydrogen environment. Results (in figure 8) show that 

atomic hydrogen irradiation will remove O and restore the photoyield, although the effect 

is not completely. Therefore, this could be one way to avoid the problem with oxygen 

contamination.

(a) 
CB e.

VB

Diamond

VL

Hydrogenated 
surface

Vacuum

(b) 
CB

VB

Diamond

VL

Caesiated 
surface

Vacuum

Figure 34. Schematic energy-band diagrams of hydrogenated and caesiated polycrystalline 
diamond photocathodes; (a) the hydrogenated surface exhibits effective NEA and (b) the caesiated 
surface exhibits true NEA (CB = conduction band, VB = valence band, VL = vacuum level)
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(ii) Reflective Mode Behaviour of Alkali Metallized Surfaces

Although hydrogen terminated surface is a good emitter, the photoyield induced is not as 

good as the surfaces covered with alkali metals. The reasons are (i) perhaps not all 

crystallites are NBA - which might comprise of a mixture effect of positive electron 

affinity and effective NBA as the hydrogen density might vary on all the differing types of 

crystallite present in CVD films or from one crystallographic surface morphology to the 

other; (ii) little band bending involved at hydrogenated surfaces - which will cause no 

great field to drive the electrons to the surface and escape.

The deposition of alkali metals would enhance the true negative electron negative 

[31,32], by which the electron escape probability is exactly unity because the energy 

barrier between the surface and vacuum does not exist (see figure 34 b). The highly 

electropositive atoms are expected to induce greater surface polarity, which is more 

effective in producing much better emission characteristics over the whole surface. 

Therefore, the alkali metals deposited on diamond photocathode is a better photoemitter 

than the hydrogen-terminated surface, because (i) bigger dipole moment - with the bigger 

changes in the work function - and more likely all the surface can show the NBA 

properties; (ii) downward band bending is expected - the field which emits the electrons is 

much better (see figure 34b).

Surface spectroscopies show fairly complex behaviour in C Is and O Is XPS 

spectra, which depends on exactly how the layers are prepared with alkali metals. Thus, 

the chemistry of the interface varies with the exact procedure used to deposit the alkali 

metal, and the measured photoyield varies similarly, signifying the critical dependence of 

photoyield on the surface pre-treatment received by the diamond before metal deposition 

[33]. One simple correlation emerges is that the highest photoyield tends to occur if the 

alkali metal is adsorbed on top of the oxidized diamond surface. One reason for this is 

probably that the alkali metal is expected to show greater charge transfer when oxygen is
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preadsorbed. Hence, the adlayer shows a greater dipole moment producing a greater 

lowering of the vacuum level.

The alkali metals are usually unreactive with the hydrogen-saturated surface 

compared to the O-terminated surface. The buffering zone of CHX will prevent the direct 

reactive interaction for the alkali metal to diamond surface. The insignificant chemically 

shifted component in the Cs 3d or K 2p XPS spectra (see figure 15, 20) signifies a small 

change in an effective dipole [26,34,35], such as the calculated dipole moments for K-H 

(bond length 2.24 A, electronegativity &c 0.82) and Cs-H (2.49 A, xCs 0.79) are 

respectively 3.12 D and 3.53 D.

Pre-treatment of the diamond surface with oxygen prior to the deposition of alkali 

metals would ideally generate approximate stoichiometric compounds of M2O [36]. 

Oxygen is expected to draw the M ions close together, providing higher dipole moment 

per unit area and resulting in a lower work function. In comparison to the K and Cs, the 

latter is expected to have higher photoyield enhancement simply due to its stronger 

electropositive polarizability brought by its larger ionic radius. Cs on O terminated 

surface seems to be the best photoemitter, reflecting the presence of dipole layer between 

the very electropositive Cs and the electronegative oxygen. A stronger adsorptive 

capacity for Cs on O-surface is induced with greater oxygen-enhanced reactive charge 

transfer across the C-O-Cs hybrid interfaces [34], This arises from primarily Cs d ~ O p 

hybridisation that contributes strongly to the net dipole, which subsequently lowers the 

work function of diamond. The calculated dipole moment for O-Cs (with bond length 

2.40 A) is ~ 7.70 D and O-K (bond length 2.21 A) is ~ 5.43 D. The shift in XPS C 1* 

core-level peaks to higher binding energy is arising from downward band bending, which 

will enhance the NEA condition by placing the vacuum level farther away down from the 

bulk conduction band level.
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fiii) Stability performance of photocathode

The observed oxygen-induced instability on alkali-metal deposited diamond surface can 

be understood as a long-term rearrangement of the oxygen atoms and/or their penetration 

into the activation layer. It has also been proposed that at high oxygen exposures, the 

oxygen atoms may position at the interstices between alkali metal atoms, shadowing the 

diamond sites severely [37]. This will result in enhancing the positive electron affinity of 

the surface on a larger time scale with the decreasing of the dipole moment [38].

As noted above, hydrogenated diamond photocathodes show a rapid degradation if 

oxygen has the possibility to adsorb on the surface, and even small quantities of oxygen 

show a significant degradation in performance. The results reveal that the alkali metal- 

treated surfaces show much higher photoyield with a lower corrosion rate even in the 

presence of oxygen. This is particularly true for the caesiated on O-terminated surface 

with a corrosion rate of 0.02 %/L O2, presumably due to the fact that (a) oxygen can 

penetrate into the Cs-O activation layer with the involvement of a long-term 

reconstruction and (b) a whole range of caesium suboxides can exist, such as Cs2O3 , CssO, 

Cs4O, CsnOs and Cs?O which are known to possess low workfunctions [39,40] and thus 

are good vacuum emitters.

Due to the absence of the formation for such wide range of oxidation states, K- 

deposited surfaces suffer more degradation when oxygen adsorbs, with higher corrosion 

rate of 0.11 %/L O2 . Whereas, H-terminated surface provides more sites for dissociated 

oxygen to penetrate into the activation layer and possibly form the insulating oxides or 

even oxidize the diamond surface, thus decreasing the photoyield more rapidly.

The greater thermal stability (figure 23a, b) of the alkali metal-activated diamond 

when oxidised represents the stronger affinity of the alkali metal for the oxidised surface. 

However, with the surface being treated with hydrogen plasma, instead of O-pre
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termination, the Cs or K-enhanced emission degrades with heat at a higher rate due to the 

alkali metal being more weakly bound to the hydrogenated surface.

It is also worth mentioning that the change in photoyield on different surface 

termination species is quite similar to the reported effect of surface treatments on diamond 

field emission [33,41,42], which would suggest that the two underlying mechanisms for 

the manipulation of their surface electron affinity are basically the same.

6.4.2.2 X-ray Photoemission Studies

(i) Adsorption alkali metal on H-terminated diamond surface

Our XPS work does in any case indicate that K and Cs readily adsorb onto H-terminated 

CVD diamond surface, as refer to figure 15 (i) and 20(i) respectively. This however, 

contradicts Benndorf el al [43] who have reported the insignificant adsorption of K on the 

H-diamond surface. Hossain et al. [44] have suggested the possible bonding via the 

hybridization of K 4s to the adsorbate-free clean diamond (100) surface. This can be used 

to explain our case that the K 4s can bond more easily to the H \so* of the hydrogenated 

surface, which would further form a weakly-bound surface potassium hydride, KH(ads) 

compound. Such surface compound was previously reported [45] for the incoming K 

atoms on surface SiH species to form the surface complex, KH(ads). The same discussion 

can be addressed to the Cs/H/diamond surface.

The surface coverage of metallic alkali (M: C ratio) on diamond within the period 

of 20 min deposition is not much different for the H- and the O-terminated surfaces, as the 

surfaces were saturated with one monolayer alkali metal. However, the initial sticking 

probability for alkali metal (M) (see figure 12a & 15i, 17a & 20i) on H-terminated surface 

is smaller than that on O-terminated surface, which can be attributed to the effects of both 

induced dipole moment and depolarisation effect of these dipoles [46]. While the oxygen 

layer will mostly remain between the diamond and the metal overlayer, the alkali metal
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atoms can replace the hydrogen as the electron acceptor at the surface. In this manner a 

dipole is induced at the diamond surface - depending upon the relative electronegativities 

of M and H, this may result in an increase in the magnitude of the dipole moment and 

hence lower the work function at the surface. This is the dominant mechanism at early 

stages of alkali metal deposition. With increasing of the M deposition, however, the 

hybridised M-H termination of diamond will become depolarised as the M-diamond 

covalent bond weakens due to the increasing electronic interaction among M adatoms. 

This will induce the inhomogeneous distributions of the dipoles with respect to the surface 

plane and more electronic charge from the M-diamond interface is shifted into the M 

overlayer [47,48], causing the M overlayer to metallise. Both of these conditions 

contribute to lowering the sticking coefficient for further metal adsorption.

f ii) Adsorption of alkali metal on O-terminated diamond surface 

With the increase in metallic alkali deposition, the bulk Cls diamond peak is shifted to 

higher binding energy from 284.4 eV to 285.1 eV for H/diamond, and 283.3 eV to 285.7 

eV for O/diamond, which confirms that stronger bonding occurs for metal-oxygen, M/O 

and the enhanced occurrence of downward band bending.

At the metal coverage more than 0.50 ML, the secondary peak at + 2 eV relative to 

bulk C Is peak (which used to be assigned to polyhydride compounds) was shielded by 

metallic related species, including C to M and C-O-M compounds (see figure 16, 21). 

This is evidenced with the considerably reduction of the C Is photoemission intensity. 

The peak at + 2.7 - 4.0 eV relative to the bulk C \s peak is assigned to carboxylate and 

multiple ether linkages. The minor peak at + 5.0 eV is contributed by the alkali hydroxide 

on carbon bonding, possibly due to the contamination by moisture in the chamber. Such 

adsorption of OH was reported on GaAs photocathodes, due to the residual gas in an UHV 

condition [49].
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Various O Is binding energies are seen as small peaks in figure 22 (532.7 eV, 

533.8 eV and 534.8 eV), which could arise from differing bonding mechanisms between 

O and C (ethers, carboxylate etc). However, comparing with the assigned O Is peaks 

under very low temperatures [50,51,52], these three peaks can roughly be de-convoluted 

to give the complex metal oxide system of M2O, M2O2 and MO2 respectively, similar to 

some previous reports at 300 K condition [53,54]. Whereas, the O Is peaks at lower 

binding energy at 531.5 eV will increase in intensity, suggesting the formation of more 

thermodynamically stable C-O-M groups, resulting from the conversion of those M-O 

complex.

(iii) Adsorption of O? on alkali-metal-deposited diamond

With the re-exposure of M/O/diamond or M/H/diamond to molecular oxygen (refer to 

figure 22,vi), the O Is peaks were shifted to lower binding energy, which can be attributed 

to the effect of the induced upward band bending. The four de-convoluted peaks of O Is 

remain the same, suggesting that all of the peaks are metal oxide related complexes and 

are still reactive to molecular oxygen, by either dissociating the gas into M-O species or 

facilitating the formation of the covalent state of adsorbed oxygen [55].

The state of O2/M/O/diamond or O2/M/H/diamond, however, is very unstable to 

atomic hydrogen, forming the major O Is peak at 531.9 eV due to M-OH group, which 

will eliminate the M-O compounds of higher oxidation states. The minor peaks at 530.7 

eV and 533.0 eV are respectively assigned to the remaining C-O-M and M2O species.
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6.4.3 Transmissive Mode

In general, the photocurrent generated by the reflective mode photoemission is nearly 

three-times greater than that of the transmission mode photocathodes, because in reflective 

mode, the electrons are emitted through the same surface the photons have entered. The 

majority of electron-hole pairs are created in the near vicinity of the photon entrance 

surface and therefore have a high chance of reaching the same surface and escaping 

through it into vacuum. For the transmission type design, however the photons enter the 

diamond layer from one side, the generated photoelectrons have to emerge into vacuum on 

the opposite side of the layer. Electrons have a relatively low chance to diffuse from the 

region close to the photon entry surface to the surface on the opposite side.

(a) For high quality diamond (white diamond, optical graded), it is clear that the 

adsolute photocurrents when the growth side faces to the illumination are always higher 

than the photocurrents when the substrate is the near face. If the substrate side of white 

diamond is facing the incoming radiation, it will absorb most of the light. Thus, 

photoelectrons cannot diffuse to the back surface, and the light does not penetrate there 

either. Hence a lower photoyield results. In contrast if the substrate diamond is at the 

back surface, light/photoelectrons from the front surface are free to travel to the back 

region, hence a good photoyield results. Figure 30 shows a higher transmission of 

photoelectrons is obtained for thicker diamond films but this will be limited by too thick 

diamond (such as up to 100 ym) as more internal inelastic scattering will hamper the 

phototransmission to take place. When the film is 4-|nm thick, however it is too thin to

induce sufficient photoelectrons.

Figure 31b shows the Itransmissive/Ireflective ratios with 252 nm filter in place 

are much higher than for the other plots probably because the light penetrates further 

towards the far face. The uv absorption spectrum for the 4 jurn (figure 32a) thick film
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shows absorption of over 90% of light above the diamond band gap suggesting that higher 

energy light is largely absorbed very near the near face of the diamond (certainly in the 

samples that are thicker than 4|nm). This is why most emission occurs from the near face 

for high energy light. Back face emission is expected to be as much due to electrons 

diffusing through the diamond to the far face as it is due to light absorbed near the far 

face. With the sub-band gap light however the radiation can reach the far face and in fact 

needs greater thickness to be efficiently absorbed, and therefore far face emission is large 

and in some cases favoured. The above band gap radiation is rapidly absorbed and 

therefore there is a larger emission from the front face, while the sub band gap radiation 

penetrates further into the diamond and gives a larger proportion of far face emission.

(b) For low quality diamond (black diamond, thermal management graded), the 

photo-transmission is fairly orientation-independent, showing the similar transmittance 

ratio of- 14 %. This is because the defects are distributed homogeneously within grown 

or substrate sides, thus the extent of transmission is nearly independent on which side of 

the diamond faces the uv illumination. Since the black diamond (thermal management 

graded) is thicker and contains more graphitic than white diamond, thus more absorption 

of the light/photocurrent in the bulk is expected. Figure 35 illustrates the role played by 

higher graphitic content at the substrate side, which acts as a good uv adsorbing layer, thus 

higher photoelectron can be generated within bulk diamond, and most of them would be 

trapped in the defective zones. However, the photoemission under such condition is 

highly hindered by wavelength selectivity. This is because the graphitic contents are not 

good wavelength selectors, thus the device is not a wv-v/s solar blind candidate.
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Figure 35. (a) The uv impinges on the substrate side and the accumulated electron diffused 
through the diamond thickness, and emitted from the growth side; (b) The uv impinges on the 
growth side and electron diffused through the diamond thickness, and emitted from the substrate 
side; and (c) the correlation of diamond and graphite content to the distance from growth side

(c) Comparing to the industrial white and black diamonds (as tabulated in Table 1), 

the homegrown black diamond shows the intermediary behaviour in the extent of photo- 

transmission, by which it shows dependence on

(i) the growth side to emit better on the back side, and

(ii) the substrate side to absorb more photo-excited electrons.

Therefore, a compromise clearly arises depending which way the diamond is oriented 

between high yield or/and high selectivity. An ideal photo-transmitter would be the light 

can penetrate as far as to the far face of the illumination, and excite directly the electrons 

that lie on the farther vicinity and emit from the back side. This will definitely guarantee a

high photoemission in transmission mode.
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The required diamond thickness for efficient transmission photoelectron is 2-3 

times higher than required for GaAs and Csl photocathode [56,57,58,59]. This is due to 

the fact that the diamond is an indirect band gap semiconductor, in which the minimum in 

the conduction band and the maximum in the valence band occur at different locations in 

reciprocal space. The wide band gap 5.5 eV of diamond induces the indirect 

recombination of electron trapping via a gap state and enhances a longer electron 

transition path length than in the direct band gap semiconductors GaAs. Therefore, a 

longer mean free path of electron transition in bulk diamond is required for efficient 

transmission than direct band gap materials.

6.5 Conclusion

The performance of CVD diamond thin film as a photocathode material has been explored 

as a function of the growth conditions. Films that show a minimum content of non- 

diamond carbon demonstrate the best wavelength discrimination, as determined by 

responses at 186 and 252 nm. However, the total photoyield at 186 nm was found to be 

relatively insensitive to the quality of the film, and particulate layers present before film 

coalescence are particularly efficient photoemitters. This is attributed to effects that 

diamond and graphite in intimate contact exert on each, which influence the overall 

photoyield.

The photoyield observed is also very sensitive to surface termination, and it was 

found that caesiation enhances the photoyield compared to hydrogenated interfaces.

The hydrogenated diamond is readily contaminated by oxygen adsorption 

regardless of the type of treatments that takes place, leading to degradation in photoyield. 

The photoyield of hydrogenated surface drops to insignificant value at a surface O: C ratio 

ofO.l.
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Adsorbing hydrogen onto an oxygenated surface is slow to restore the surface 

negative electron affinity. In contrast, adsorbing oxygen onto a hydrogenated surface can 

degrade the photoyield in a rapid manner, by inducing positive electron affinity.

The emitted photocurrent from metal-deposited diamond is saturated at a 

monolayer of alkali metals. Adding the alkali metal to an overoxidized surface with 

negative electron affinity compensates the presence of the electronegative oxygen atoms 

and restores the downward band bending.

The deposited Cs on oxygenated diamond has revealed to be an ideal photoemitter, 

showing higher photoyield, lower corrosion rate by oxygen, better NBA restoration by 

hydrogen and better thermal stability. K deposited on either pre-treated diamond surface 

by oxygen or hydrogen shows insignificant difference on photoyield in response to metal 

deposition and the corrosion by oxygen.

Diamond with high quality and large thickness can emit better as reflective and 

transmissive mode, though thinner diamond gives the highest ratio of 

transmissive/reflective photoyield. A phototransmitter with lower quality diamond facing 

to uv illumination can absorb more photo-excited electrons, but is less selective with 

respect to photon wavelength.
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